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ABSTRACT 

The gonadal steroid withdrawal of menopause is associated with neuronal 

hypertrophy and increased tachykinin gene expression in the hypothalamic infundibular 

nucleus. Previous studies have shown that secretion of hypothalamic P-endorphin is 

modified by gonadal steroids, and there are consistent age-related changes in P-endorphin 

neurons in rodents. Therefore, in situ hybridization was used to determine if the 

expression of POMC mRNA, the precursor for P-endorphin, is altered in the 

hypothalamus of postmenopausal women. The number of POMC mRNA-containing 

neurons/section in the infundibular nucleus was reduced by 65% in postmenopausal 

women. In contrast, there was no significant difference in the number of neurons 

expressing POMC gene transcripts in the retrochiasmatic region. Our findings support 

the hypothesis that the activity of hypothalamic POMC neurons is decreased in the 

infundibular nucleus of postmenopausal women. 

In a second study, we examined the effects of hormone replacement therapy 

(HRT) on the hypothalamus of young, ovariectomized cynomolgus monkeys. HRT 

dramatically suppressed tachykinin gene expression while having no detectable effects on 

POMC neurons. These results provide strong support for the hypothesis that alterations 

in tachykinin neurons in postmenopausal women are secondary to estrogen withdrawal. 

Conversely, postmenopausal changes in POMC gene expression may reflect 
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hypothalamic aging. Finally, we found no evidence that HRT, in doses designed to 

mimic currently prescribed regimens, produces signs of estrogen toxicity in the primate 

infundibular nucleus. 

Degenerative changes, including neuron loss, have been reported in the arcuate 

nucleus of aging rodents, and hypothalamic aging has been shown to contribute to 

reproductive decline in these species. In addition, in the infundibular nucleus of 

postmenopausal women, there is an age-associated decline in proopiomelanocortin gene 

expression. To evaluate the possibility of neuron loss associated with reproductive aging, 

unbiased stereological methods were used to compare the total number of infundibular 

neurons between groups of premenopausal and postmenopausal women. The mean 

neuronal volume was increased by 40% in postmenopausal women but there was no 

change in the total number of neurons. These data suggest that the neuronal hypertrophy 

observed in the postmenopausal human hypothalamus is not a pathological process 

secondary to degeneration of adjacent infundibular neurons. 
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Chapter One 

BMTRODUCnON 

Menopaiise is associated with ovarian failure and a precipitous decline in 

circulating estrogen levels. Estrogen deficiency has been linked to many of the 

unfavorable consequences of menopause including vasomotor symptoms (hot flushes), 

mood changes and an increased risk for osteoporosis and cardiovascular disease. 

Interestingly, outcomes such as osteoporosis and cardiovascular disease seem to represent 

accelerated aging changes, suggesting an interaction between gonadal steroids and 

somatic aging. In contrast, hot flushes and mood changes more likely represent the direct 

effects of hormone withdrawal on central nervous system (CNS) mechanisms regulating 

body temperature and mood (Casper and Yen, 1985b; Fink et al., 1998). 

Treatment with exogenous ovarian hormones is now standard practice in the 

management of the symptoms and risk factors associated with estrogen deficiency. 

Hormone replacement therapy (HRT) eliminates hot flushes in postmenopausal women 

while reducing the risk of age- and hormone-related degenerative conditions. 

Furthermore, HRT enhances mood and improves some aspects of cognitive function in 

estrogen-deficient women (Sherwin, 1991; Sherwin, 1996). Finally, some evidence 

suggests that HRT might delay the onset of and/or ameliorate symptoms in Alzheimer's 

disease (Christiansen et al., 1996; Henderson, 1997). These findings have stimulated 

interest in identifying the sites of hormone actions on the brain and in the mechanisms by 
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which the endocrine and nervous systems interact in normal physiology, and in normal 

and pathological aging. 

The hypothalamus is a regulator as well as a major target of gonadal steroid 

hormones. Clearly, many of the neuronal targets of estrogen in the hypothalamus are 

involved in the regulation of reproduction through their influence on gonadotropin 

releasing-hormone (GnRH) secretion. However, it is likely that hypothalamic neurons 

also mediate the effects of gonadal hormones on other parts of the nervous system. 

Vasomotor flushes induced by estrogen withdrawal, for example, reflect activation of the 

autonomic nervous system secondary to the disruption of hypothalamic thermoregulatory 

mechanisms. In addition, ovarian steroid receptors in the hypothalamus could mediate 

hormonal effects on mood through connections with the limbic system (Sherwin, 1996), 

or via descending input to the midbrain mesolimbic dopamine system (Spanagel et al., 

1992). Thus, studying the effects of gonadal steroid withdrawal on these systems may 

further our understanding of the role of the hypothalamus in temperature regulation and 

mood. In addition, understanding the hypothalamic response to the gonadal steroid 

withdrawal of menopause could lead to alternative forms of treatment for 

postmenopausal symptoms. 

This work is primarily concerned with neuroendocrine regulation of the 

reproductive axis and focuses largely on the medial basal hypothalamus (MBH). The 

MBH includes the infimdibular nucleus and the retrochiasmatic area and has been 
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established as a pivotal structure in the control of the menstrual cycle in primates 

(Knobil, 1990). This ch^ter begins with an overview of the role of MBH in the 

regulation of reproductive function with particular emphasis on the primate literature. 

The rationale for neuroanatomical investigations of the postmenopausal hypothalamus as 

a model for the study of hiunan reproductive regulation is outlined. The hypothalamic 

correlates of ovarian steroid withdrawal in postmenopausal women are presented next. In 

the final section, hypothalamic aging as a mechanism of reproductive decline is 

considered. 

Hypothalamic-Pitaitary-Ovarian Axis 

The hypothalamic-pituitary-ovarian axis is a dynamic, highly regulated control 

system in a young female. Gonadotropin-releasing hormone (GnRH) is synthesized by 

neurons in the hypothalamus and released into the hypophyseal portal circulation. By 

analogy to spinal cord motor neurons, hypothalamic GnRH neurons represent the "final 

common pathway" by which the CNS exerts control over gonadal fimction and hence the 

reproductive hormonal milieu. GnRH, transported by the portal capillary system to the 

anterior pituitary, stimulates the production and release of the gonadotropins, luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH). LH and FSH reach the ovary via 

the general circulation and regulate folliculogenesis, ovulation and the secretion of 

steroid and protein hormones. Gonadal steroids, in turn, exert complex positive and 

negative feedback effects, modifying both the structure and function of hypothalamic 

neurons and pituitary gonadotrophs. The reciprocal interactions between hypothalamic 



reproductive centers and gonadal steroids are a major focus of reproductive 

neuroendocrinology. 
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Normal reproductive flmction relies on the pulsatile release of GnRH into the 

hypophyseal portal circulation. The frequency and amplitude of GnRH pulses vary over 

the menstrual cycle, and these patterns have physiological significance. Constant 

exposure to GnRH or its analogues, for example, desensitizes the pituitary, resulting in 

Uttle or no LH secretion (Belchetz et al., 1978; Nakai et al., 1978) and a hypogonadal 

state (Sherwin and Tulandi, 1996). Furthermore, alterations in the pulsatile pattern of LH 

secretion may have deleterious effects upon ovarian follicle development (Pohl et al., 

1983). 

Various lines of evidence suggest that the neural circuits subserving pulsatile 

GnRH secretion in the primate are located within the MBH (Knobil, 1990). Radio-

frequency lesions of the MBH, for example, result in the cessation of LH and FSH 

secretion (Plant et al., 1978). Gonadotropin secretion is stimulated in these animals, 

however, by the administration of exogenous GnRH, indicating intact pituitary function 

(Nakai et al., 1978). Similarly, surgical deafferentation of the MBH does not interfere 

with the negative feedback effects of estrogen on LH secretion (BCrey et al., 1975). In 

addition, many animals subjected to this treatment display relatively normal reproductive 

function, including normal pulsatile LH secretion and spontaneous ovulation (Krey et al., 
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release of GnRH (the hypothetical "GnRH pulse generator") is confined to the MBH. 
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Electrophysiological correlates of the GnRH pulse generator have been 

demonstrated in the MBH (Knobil, 1990). Knobil and colleagues first reported 

synchronized, multi-unit activity in the MBH that is coincident with pulses of LH in the 

peripheral circulation (Silverman et al., 1986). These multi-unit volleys are afiected by 

many of the variables that alter pulsatile LH secretion. The fi-equency of synchronized 

multi-unit activity varies, for example, over the menstrual cycle. In addition, removal of 

the ovaries leads to a greatly prolonged duration and an increase in the maximal 

frequency of synchronized neuronal activity in the MBH, an effect rapidly reversed by 

estrogen replacement (O'Byme et al., 1993). The neurochemical identity of 

hypothalamic neurons that contribute to the multi-unit activity of the GnRH-pulse 

generator has not been established. Part of the activity may originate within the intrinsic 

rhythmic activity of the GnRH neurons (Wetsel et al., 1992), but contributions by other 

neuronal populations seems likely. 

The neuronal mechanisms subserving estrogen feedback effects on GnRH 

secretion are still poorly understood. Throughout most of the menstrual cycle, estrogen 

restrains the level of LH secretion fix>m the anterior pituitary gland (negative feedback). 

At mid-cycle, however, rapidly increasing estrogen levels result in a surge of LH 

(positive feedback), culminating in ovulation of the dominant follicle. The evidence from 
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animal models suggests that the feedback effects of estrogen on LH secretion occur 

directly at the level of the pituitary and indirectly at the level of the hypothalamus. 

GnRH neurons are not direct targets of the genomic e£fects of estrogen, however, because 

they do not contain nuclear estrogen receptors (Shivers et al., 1983; Herbison et al., 

1995). Thus, if estrogen acts via a classical nuclear receptor, its effects are presumably 

mediated by one or more of the neurotransmitter and neuropeptide systems that modulate 

GnRH. Many classical neurotransmitters and neuropeptides have been shown to 

modulate the pattem of GnRH or LH secretion including norepinephrine, dopamine, 

endogenous opioids, neuropeptide Y, and tachykinins (Kalra et al., 1997). 

Various techniques have been employed in an attempt to identify and characterize 

hypothalamic neurons that regulate GnRH secretion. One method for studying estrogen 

negative feedback is to alter circulating steroid levels and examine the response of 

neuronal systems in the hypothalamus. The classical paradigm for hormonal 

manipulation is gonadectomy and replacement with physiological levels of gonadal 

steroids. The decline in gonadal steroid levels after gonadectomy in laboratory animals, 

for example, has been correlated with changes in neurotransmitter tumover (Wise et al., 

1981a), immediate-early gene expression (Lehman et al., 1996), neuronal morphology 

(Danzer et al., 1998), neuropeptide content (Wardlaw and Bliun, 1990), and neuropeptide 

gene expression (Wilcox and Roberts, 1985; Ranee and Bruce, 1994). These responses 

are often interpreted as indirect measures of neuronal activity. For neurons with 

excitatory influences on GnRH secretion, gonadectomy is expected to produce an 
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increase in activity if the system is involved in estrogen negative feedback. Conversely, a 

decline in activity is expected for neuronal systems with inhibitory influences on GnRH 

secretion. The changes associated with castration should be reversed by hormone 

replacement. 

Elucidation of the mechanisms of estrogen feedback in humans has been 

hampered by the difSculty of measuring alterations in hypothalamic GnRH secretion. 

Obviously, the invasive techniques employed to investigate hypothalamic reproductive 

control mechanisms in laboratory animals cannot be used in human subjects. GnRH is 

not detectable in the peripheral circulation due to a short half-life and the relative 

confinement of the peptide to the hypophyseal portal circulation. Studies in humans, 

therefore, have relied heavily on pharmacological manipulations, using agonists and 

antagonists of neurotransmitters and neuropeptides that are putatively involved in the 

regulation of GnRH secretion. Following the administration of these agents, pulsatile LH 

release is measured in the peripheral circulation. Because pulses of LH in peripheral 

plasma are linked to pulsatile secretion of GnRH into the portal system in animal models 

(Clarke and Cummins, 1982), alterations in hypothalamic GnRH secretion are inferred 

from changes in peripheral LH. However, a change in the amplitude of LH secretion 

could reflect alterations at either the hypothalamic or pituitary level. Furthermore, a 

pulse of GnRH may not always translate into a pulse of LH if pituitary sensitivity is 

altered. Thus, although much has been learned using this indirect ^proach, uncertainty 

as to whether the drugs act at the level of the hypothalamus, the pituitary or both limit the 
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conclusions that can be drawn about the role of central neuropeptides and 

neurotransmitters. 

The ovarian steroid withdrawal of menopause provides an experiment of nature 

that shares many of the features of the gonadectomized state. Reproductive aging in 

women culminates in the complete loss of ovarian follicles (Block, 1952; Richardson et 

al., 1987), which results in a endocrine profile that is virtually identical to that of women 

who have undergone therapeutic oophorectomy (Wallach et al., 1970; Monroe et al., 

1972; Chakravarti et al., 1977). The loss of estrogen negative feedback leads to 

hypersecretion of pituitary gonadotropins (Baird and Guevara, 1969; Qiakravarti et al., 

1976). Until recently, very little information was available concerning the hypothalamic 

events that accompany these endocrine changes. 

A recent approach to studying hypothalamic regulatory mechanisms in the human 

is to quantify relative levels of messenger RNAs. The technique of in situ hybridization 

histochemistry is particularly well suited for the investigation of autopsy material due to 

the relative stability of mRNA species with prolonged post-mortem intervals (Johnson et 

al., 1986). Alterations in gene expression have been correlated with changes in neuronal 

activity (Comb et al., 1987; Young and Zoeller, 1987; Blum et al., 1987; Uhl and 

Nishimori, 1990; Petersen et al., 1991). Therefore, a change in neuropeptide gene 

expression may provide an indirect assessment of neuronal activity in postmortem himian 
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brain. A further level of anatomical resolution is provided by the localization of mRNA 

species within tissue sections. 

Menopause and GnRH neurons 

During development, GnRH neurons migrate fix)m their origins in the olfactory 

placode to their ultimate destinations in the mature brain (Schwanzel-Fukuda and PfafT, 

1989; Wray et al., 1989; Schwanzel-Fukuda et al., 1996). In monkeys, two populations 

of GnRH neurons migrate &om the olfactory placode at different times in embryogenesis 

(Lescheid et al., 1997). GnRH neurons reside within the MBH of adult monkeys 

(Silverman et al., 1982; Goldsmith and Song, 1987) in the region of the GnRH pulse 

generator (Silverman et al., 1986). These neurons project to the median eminence where 

the peptide is released in the primary capillary plexus of the portal system (Silverman et 

al., 1977; Silverman et al., 1982; Goldsmith and Song, 1987). GnRH neurons are also 

located within the human MBH (Stopa et al., 1991; Ranee et al., 1994). 

Extrahypothalamic GnRH pathways have also been identified. GnRH neurons 

send projections, for example, to the midbrain, amygdala, hippocampus and olfactory 

structures (Barry et al., 1985). These pathways suggest that GnRH may function in the 

brain as a neuromodulator as well as a hypophysiotropic hormone. Indeed, GnRH has 

been shown to promote sexual behavior, including lordosis, in female rodents (Moss and 

McCann, 1973; Pfaff, 1973). 
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Using in situ hybridization, three subtypes of GnRH neurons have been identified 

in the human brain on the basis of differential distribution, soma size and 

autoradiographic grain density. A group of oval, heavily labeled neurons can be 

identified in the MBH, whereas small, lightly labeled GnRH neurons are present in the 

septal-preoptic region. A third population of large, round GnRH neurons has been 

identified in the magnocellular basal forebrain complex (Ranee et al., 1994). The 

presence of subpopulations of GnRH neurons in the primate central nervous system has 

recently been confiirmed using immunocytochemical methods (Quanbeck et al., 1997; 

Urbanski et al., 1998). These studies suggest that distinct functional subgroups of GnRH 

exist within the primate brain. 

Additional support for the concept of functional subgroups of GnRH neurons was 

obtained in a study comparing hypothalamic gene expression in premenopausal and 

postmenopausal women. In that study, menopause was associated with an increase in 

GnRH gene expression in neurons in the MBH but not the septal-preoptic region (Ranee 

and Uswandi, 1996). These data suggest that GnRH gene expression may be regulated 

differentially among the morphological subtypes. More importantly, this study provides 

the first demonstration of an alteration in GnRH gene expression in the postmenopausal 

human hypothalamus. It has been hypothesized that the increase in GnRH gene 

expression is secondary to the estrogen withdrawal of menopause, and this hypothesis is 

supported by a recent demonstration that estrogen replacement of ovariectomized 

monkeys decreases GnRH gene expression in the MBH (El Majdoubi et al., 1998). 
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The increase in GnRH gene aq>ression in postmenopausal women occurs 

selectively within the MBH, providing evidence that this region is the control center for 

reproduction in the human. In contrast, the hypothalamic content of the GnRH peptide 

decreases in postmenopausal and oophorectomized young women (Paricer, Jr. and Porter, 

1984). Although these data may appear contradictory, it is possible that the decline in 

peptide content reflects decreased storage of hormone due to increased release of GnRH 

peptide into the portal system. An analogous situation is the decrease in GnRH 

concentration in several discrete areas of rat hypothalamus during the proestrus surge of 

LH (Wise et al., 1981b). 

The increase in GnRH gene expression in the MBH of postmenopausal women, 

combined with the elevation of plasma LH in these subjects, provides support for the 

concept that increased hypothalamic GnRH secretion contributes to the gonadotropin 

hypersecretion of menopause. These data do not, however, exclude direct effects on the 

anterior pituitary gland as a contributing factor to the elevated LH levels in 

postmenopausal women. For example, the anterior pituitary gland in postmenopausal 

women is highly responsive to GnRH stimulation (Hanker et al., 1981). There are also 

changes in the microheterogeneity of pituitary gonadotropins, which could contribute to a 

prolongation of the LH half-life peripheral blood plasma (Sharpless et al., 1999). 
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Menopause and Tachykinin Nearons 

More than thirty years ago, Sheehan and Kov^s made a key morphological 

observation in the hypothalamus of postmenopausal women (Sheehan and Kovacs, 1966). 

Using semi-quantitative methods, these investigators reported a pronounced enlargement 

of neurons in what is now known as the infundibular nucleus. Histologically, the neurons 

appeared to have undergone a true hypertrophy, with increased Nissl substance and 

enlarged nuclei and nucleoli. These characteristics led Sheehan and Kov^s to conclude 

that the activity of these neurons was increased in postmenopausal women. Based on 

similar findings in other hypogonadal conditions, the authors concluded that neuronal 

hypertrophy resulted from the complete loss of ovarian estrogen (Sheehan, 1967). The 

possible significance of these findings was not clear at the time because relatively little 

was known about the role of the infimdibular nucleus in reproductive regulation. 

With the advent of in situ hybridization and quantitative computer microscopic 

techniques, Sheehan and Kov '̂s original observations have been replicated and 

expanded. First, measurements of neuronal profile area in Nissl-stained material showed 

that the mean neuronal profile area increased by 30% in postmenopausal women 

compared to premenopausal women (Ranee et al., 1990). In addition, studies using in 

situ hybridization histochemistry identified estrogen receptor gene transcripts in these 

hypertrophied neurons (Ranee et al., 1990). These findings indicate that the 

hypertrophied subpopulation of infimdibular neurons in the postmenopausal human 
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hypothalamus are indeed targets of estrogen action, providing evidence in support of the 

speculations of Sheehan and Kovacs. 

To deteraiine the neuropeptide/neurotransmitter identity of the hypertrophied 

neurons, hypothalamic sections were screened with a panel of more than 10 

oligonucleotide probes directed at mRNA species that are localized in the inflmdibular 

nucleus and important in the control of reproduction (Ranee and Young, 1991). These 

studies revealed that the hypertrophied neurons expressed substance P (SP) and 

neurokinin B (NKB) gene transcripts. The SP, NKB and estrogen receptor probes 

labeled a majority of hypertrophied neurons in adjacent sections, providing indirect 

evidence for the colocalization of these mRNAs (Ranee and Young, 1991). Finally, 

comparisons with premenopausal women showed that the profile areas of neurons 

expressing tachykinin gene transcripts nearly doubled in size in the postmenopausal 

group (Ranee and Young, 1991). The increase in cell size was accompanied by an 

increase in the number of autoradiographic grains per cell, and in the number of neurons 

expressing both SP and NKB gene transcripts. Therefore, human menopause is 

associated with a marked increase in tachykinin gene expression in the MBH. 

NKB and SP belong to a family of neuropeptides known as tachykinins. 

Inflmdibular (arcuate) tachykinin neurons synapse on GnRH neurons in rats (Tsuruo et 

al., 1991), and introcerebroventricular infusion of SP has been shown to stimulate LH 

secretion in these animals (Arisawa et al., 1990). SP also stimulates the release of GnRH 
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from hypothalamic shce preparations (Ohtsuka et al., 1987). Fmthermore, NKB gene 

expression varies over the estrous cycle in female rats (Ranee and Bruce, 1994), and 

gonadectomy in both sexes results in increased NKB gene expression (Ranee and Bruce, 

1994; Danzer et al., 1999). Testosterone replacement reverses these changes in male rats 

(Danzer et al., 1999), while estrogen replacement in females decreases the number of 

NKB-immunoreactive neurons in. the arcuate nucleus (Akesson et al., 1991). Taken 

together, the results of studies in postmenopausal women and rodents provide strong 

support for the hypothesis that tachykinin neurons are involved in estrogen negative 

feedback on GnRH secretion. 

Several questions remain, however, concerning gonadal steroid modulation of 

tachykinin gene expression. Postmenopausal women differ from premenopausal women 

not only in circulating levels of gonadal steroids but also in age, a potentially important 

variable. Furthermore, although much has been leamed about reproductive regulation by 

studying rodents, major differences between primates and rodents in the anatomy and 

flmction of the reproductive axis are apparent. Finally, it would be of interest to know 

whether HRT in postmenopausal women would be likely to reverse the alterations in 

tachykinin gene expression. Therefore, in Chapter 3, a primate model of menopause is 

used to determine the effects of HRT on tachykinin gene expression in the infundibular 

nucleus. The results indicate that NKB gene expression in young, ovariectomized 

monkeys is exquisitely sensitive to HRT. 
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Proopiomelanocortin Neurons and Reproductive Regulation 

Proopiomelanocortin (POMC) is a quintessential hypothalamic neuropeptide. 

Translated as a large precursor molecule, POMC gives rise through post-translational 

processing to multiple products in the brain including P-endorphin, a-melanocyte-

stimulating hormone (a-MSH), and adrenocorticotropic hormone (ACTH) (Khachaturian 

et al., 1984). The products of POMC have been implicated in the modulation of virtually 

every flmction of the hypothalamus including reproduction, mood, temperature 

regulation, nociception, reinforcement, feeding and energy balance, stress responses, and 

immune function (Koob and Bloom, 1983; Reid, 1983a; Ferin et al., 1984; Khachaturian 

et al., 1985; MounQoy and Wong, 1997; Grossman, 1983; Lipton et al., 1998). Although 

alterations in hypothalamic POMC neurons have been linked to both aging and 

reproductive hormones, nothing is known about the neuroanatomical correlates of POMC 

function in postmenopausal women. This section begins with an overview of the role of 

POMC neurons in the regulation of the reproductive axis. The evidence for age-related 

decline in POMC function, based primarily on the rodent literature, will be presented 

next. 

It is now firmly established that endogenous opioid peptides, particularly P-

endorphin, are important regulators of reproductive function in primates, exerting an 

inhibitory influence on LH secretion (Ferin et al., 1984; Yen et al., 1985; Gindoff and 

Ferin, 1987; Howlett and Rees, 1987; Genazzani and Petraglia, 1989). Opioid agonists 

such as morphine produce a powerful inhibition of LH release in both monkeys and 
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humans (Gindoff and Perm, 1987). Conversely, administration of naloxone, a 

competitive opioid antagonist, increases the frequency and amplitude of LH pulses 

(Ropert et al., 1981). In monkeys, the multiunit electrical activity in the medial basal 

hypothalamus associated with LH secretion is inhibited by morphine, an effect blocked 

by naloxone (Kesner et al., 1986). Furthermore, naloxone directly stimulates GnRH 

release from perfused human fetal hypothalamus (Rasmussen et al., 1983). ^-Endorphin 

neurons make direct contact with GnRH neurons in the monkey hypothalamus (Thind 

and Goldsmith, 1988), suggesting that the inhibitory effect of endogenous opioid peptides 

on LH secretion is mediated through modulation of hypothalamic GnRH activity. 

Furthermore, opioid antagonists increase the levels of GnRH secretion by the 

hypothalamus, as shown by direct measurements of GnRH in hypophyseal portal blood 

of monkeys (Pau et al., 1996). 

Data suggest that P-endorphin neuronal activity is modidated by gonadal steroids 

in primates. Central p-endorphin activity, as inferred from measurements of the peptide 

in hypophyseal portal blood, varies over the menstrual cycle in monkeys (Wehrenberg et 

al., 1982). In addition, ovariectomy in monkeys results in a decline in portal blood levels 

of P-endorphin, an effect that is reversed by exogenous hormone replacement (Wardlaw 

et al., 1982). Gene expression studies in male monkeys have documented an increase in 

POMC gene expression in a subset of P-endorphin following castration (Adams et al., 

1991). These data support a role for P-endorphin neurons in the negative feedback 

effects of gonadal steroids on reproductive flmction in primates. 
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Pharmacological investigations in human subjects also support an interaction 

between gonadal steroids and central opioid function. In young women, naloxone-

induced LH secretion is absent in the relatively low estrogen environment of the early 

follicular phase of the menstrual cycle (Quigley and Yen, 1980) and following 

oophorectomy (Shoupe et al., 1985). Similarly, naloxone fails to elicit an increase in LH 

secretion in estrogen-deficient postmenopausal women (Reid et al., 1983b; Melis et al., 

1984; Casper and Alapin-Rubillovitz, 1985a; Dawood et al., 1986; Cagnacci et al., 1991). 

Hormone replacement ther^y in surgically or naturally postmenopausal women re

establishes the LH response to naloxone (Melis et al., 1984; Casper and Alapin-

Rubillovitz, 1985a; Dawood et al., 1986; Shoupe et al., 1985; Cagnacci et al., 1991). 

These data suggest that central "opioid tone" is modulated by gonadal steroids in humans. 

Endogenous opioids have also been implicated in the ovarian steroid modulation of mood 

(Reid, 1983a) and in the mechanism of postmenopausal flushes (Casper and Yen, 1985b). 

Based on the extensive literature linking gonadal steroids to central endogenous 

opioid activity, a decrease in POMC gene expression in postmenopausal women was 

predicted. These results are presented in Chapter 2. Compared to premenopausal 

women, the nimiber of inflmdibular POMC mRNA-expressing neurons was reduced by 

65% in postmenopausal women. These data support the hypothesis that endogenous 

opioid activity is reduced in postmenopausal women. The implications for the signs and 

symptoms of menopause are discussed. 
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Hypothalamic Aging, Reproductive Aging, Estrogen and POMC Neurons 

Normal aging is associated with a decline in several neuroendocrine systems. In 

humans, the most pronounced alterations occur in the hypothalamic-pituitary-gonadal 

axis and the growth hormone/insulin-like growth factor I axis (Veldhuis et al., 1994; 

Lamberts et al., 1997). Hypothalamic aging has been postulated to play a role in these 

altered endocrine fimctions (Mobbs, 1994; Wise et al., 1996). Other activities associated 

with the hypothalamus, including salt and water balance (Phillips et al., 1993), 

metabolism (Mobbs, 1994) and unmune function (Fabris, 1992), also show age-related 

changes. Furthermore, the biological clock is located in the hypothalamus, and 

disruptions in circadian liiythms of behavior and hormone secretion are well-documented 

features of aging (Wise et al., 1994b). 

As in normal physiology, reciprocal interactions between the nervous and 

endocrine systems play a central role in some neuroendocrine aging theories (Sapolsky et 

al., 1986; Landfield, 1994; Mobbs, 1994; Desjardins et al., 1995). Thus, not only are 

hypothalamic changes postulated to contribute to somatic aging, but also endocrine 

secretions have been implicated in the aging of the nervous system. Perhaps the most 

widely known and controversial of these theories is the stress-aging theory of Landfield, 

Sapolsky, McEwen and colleagues (Sapolsky et al., 1986; Landfield, 1994), which 

involves the hippocampus and adrenal gland secretions. 
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Briefly, the hippocampus is a major target of glucocorticoid hormones, and the 

evidence suggests that the hippocampus plays an inhibitory role in the regulation of the 

adrenal axis via coimections with the hypothalamus. Glucocorticoids have been shown to 

have multiple physiological effects on the structure and function of the hippocampus. 

Because elevated or chronically sustained levels of glucocorticoids have been shown to 

have deleterious effects on hippocampal neurons in the rat, cumulative exposure of the 

hippocampus to glucocorticoids has been postulated as a mechanism of hippocampal 

aging. 

McEwen and Sapolsky, in an often-cited revision of the glucocorticoid aging 

hypothesis, discuss the striking parallels between the apparent deleterious effects of 

glucocorticoids on the hippocampus and that of estrogen on the hypothalamus (Sapolsky 

et al., 1986). First, the hypothalamus is a major target of gonadal steroids with an 

established role in the regulation of circulating steroid levels. In addition, considerable 

data, nearly all of them generated in rodents, suggest that hypothalamic aging contributes 

to reproductive decline in these species (Wise et al., 1994a). Furthermore, many lines of 

evidence suggest that estrogen has deleterious effects on reproductive flmction in rodents. 

Thus, a mechanism of hypothalamic aging involving deleterious effects of endogenous 

estrogen on the infundibular (arcuate) nucleus has been advanced (Desjardins et al., 

1995). Changes in hypothalamic POMC neurons are central to these theories. In this 

section, these data are briefly reviewed, beginning with the evidence for hypothalamic 

aging as a cause of reproductive decline. 
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The hypothalamic-pituitaiy-ovarian axis functions as an integrated system. 

Therefore, it has proven difficult to isolate the effects of aging on the individual 

components of the system. It has proven even more dif&cult to assign a causal role to a 

particular component in studies of age-related reproductive decline. Heterochronic 

grafting studies, however, in which ovaries fix)m young animals are transplanted to old 

animals and vice versa, generally support the view that hypothalamic reproductive 

flmction is compromised with age (Peng and Huang, 1972; Sopelak and Butcher, 1982; 

Felicio et al., 1983). In addition, neurotransmitter turnover and gene expression 

experiments in middle-aged animals have demonstrated a loss of the normal diurnal 

rhythmicity in the activity of hypothalamic neurotransmitter and neuropeptide systems 

known to modulate GnRH secretion (Wise et al., 1994a). These changes occur prior to 

overt signs of reproductive decline. In particular, the diurnal rhythmicity in POMC gene 

expression is lost in middle-aged animals (Weiland et al., 1992). Decreased POMC gene 

expression as well as fewer numbers of P-endorphin-immunoreactive neurons have been 

reported in the hypothalamus of aging male and female rodents (Nelson et al., 1988; 

Gruenewald and Matsumoto, 1991; Miller et al., 1991). Age-related decline in POMC 

mRNA expression and P-endorphin-immunoreactivity occur independently of changes in 

the reproductive hormonal milieu (Lloyd et al., 1991; Miller et al., 1995). Finally, 

several studies in Nissl-stained material have described an overall loss of neurons in the 

rodent arcuate nucleus (Hsu and Peng, 1978; Miller et al., 1989; Yang et al., 1993). The 

estimated losses have ranged &om 30% to 50%. 
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A neuroendocrine "cascade," induced by deleterious effects of estrogen on the 

hypothalamus, has been advanced as a mechanism for the hypothalamic aging associated 

with reproductive decline in rodents (Desjardins et al., 1995). A single high-dose 

injection of estradiol in young females induces sustained, high levels of estrogen 

secretion from the ovaries. This treatment appears to accelerate the normal aging 

process, leading to irregular estrous cycles and the premature arrest of cyclicity (Brawer 

et al., 1978; Mobbs et al., 1984). Other manipulations that cause sustained ovarian 

estrogen secretion in rodents, such as exposure to constant light, also lead to premature 

reproductive decline that mimics normal aging (Brawer et al., 1980). Conciirrently, a 

progressive lesion develops in the arcuate nucleus of the hypothalamus. The lesion is 

characterized by axonal and dendritic degeneration, formation of myelin figures, reactive 

glial changes (Brawer et al., 1978) and neuronal loss (Desjardins et al., 1993). Similar 

glial reactivity, including increased nimibers of reactive microglia, is present in the 

arcuate nucleus of normal, aged female rodents (Brawer et al., 1980; Schipper et al., 

1981) Ovariectomy at an early age, however, attenuates these markers of senescence 

(Brawer et al., 1980; Schipper et al., 1981). Furthermore, ovariectomy at a young age 

followed by long-term estrogen replacement at physiological doses leads to microglial 

changes that are identical to those seen in old, intact females (Brawer et al., 1983). 

Transplant experiments demonstrate the functional significance of the 

hypothalamic lesion induced by exposure to estrogen. Mobbs and Finch (1992) 

transplanted ovaries fix)m young donors to recently ovariectomized, middle-aged mice. 
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The young ovaries were able to support several estrous cycles, indicating intact 

hypothalamic-pituitary function in the recipient. Long-term ovariectomy, however, 

enabled middle-age recipients to exhibit even greater numbers of estrous cycles when 

transplanted with ovaries fix)m young donors. These results suggest a protective effect of 

long-term ovariectomy on hypothalamic flmction. In the same study, a single injection of 

estradiol valerate at six weeks of age completely abolished the capacity of mice to cycle 

at middle age when transplanted with young ovaries. Thus, the idea has emerged that 

exposure to high levels of estrogen results in hypothalamic damage. Furthermore, 

exposure to sustained physiological levels of estrogen over the reproductive lifespan may 

contribute to normal hypothalamic aging, resulting in the eventual arrest of reproductive 

function (Brawer et al., 1983; Mobbs et al., 1984; Finch et al., 1984; Mobbs and Finch, 

1992; Desjardins et al., 1993; Desjardins et al., 1995) 

A free-radical mechanism may account for the deleterious effects of estrogen on 

the hypothalamus. A class of peroxidase-positive glial cells, unique to the arcuate 

nucleus and a few other peri-ventricular sites, may mediate the non-enzymatic conversion 

of estradiol metabolites such as 2-hydroxyestradiol to cytotoxic semi-quinones (Schipper 

et al., 1990; Schipper et al., 1991; Brawer et al., 1993). P-Endorphin neurons appear to 

be particularly vulnerable to free radical damage. Desjardins and colleagues (Desjardins 

et al., 1993) reported depletion of hypothalamic P-endorphin content and a 60% decrease 

in the number of P-endorphin-immunoreactive neurons eight weeks after a single 

injection of estradiol valerate. The estimated number of P-endorphin neurons lost 
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corresponded closely to the number of Nissl-stained neurons lost as estimated by 

unbiased stereological techniques, suggesting a selective loss of P-endorphin neurons. 

Co-administration of anti-oxidants and estradiol prevents the p-endoiphin depletion 

accompanying the administration of estradiol alone (Desjardins et ai., 1992; Schipper et 

al., 1994). 

Rodent models of reproductive aging have not been validated in himians, in 

whom the depletion of ovarian follicles is the most widely accepted "cause" of 

menopause. There are several observations in humans, however, that hint at 

hypothalamic contribution to menopause (Wise et al., 1996). For example, fertility in 

women begins to decline in the third decade, well before follicular depletion. At about 

the same time, menstrual cycles begin to become more irregular, associated with 

alterations in gonadotropin secretion (Judd and Foumet, 1994). In addition, follicular 

depletion is greatly accelerated in the decade prior to menopause (Richardson et al., 

1987). Wise and colleagues (Wise et al., 1996) have argued, based largely on studies in 

rodents, that these changes prior to menopause might reflect age-related alterations in 

hypothalamic neuropeptides (including p-endorphin) and neurotransmitters that regulate 

the patterns of GnRH secretion fix)m the hypothalamus. Interestingly, a recent study in 

humans has provided evidence for an age-related decline in endogenous opioid activity in 

women prior to menopause. Specifically, naloxone-induced LH secretion was decreased 

in older, premenopausal women with normal menstrual cycles and gonadal steroid levels 

(Coiro et al., 1997). 
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Thus, in addition to providing insight into normal reproductive regulatory 

mechanisms, the studies presented here are relevant to the reproductive aging and general 

aging literatures. In Chapter 2, evidence for a decline in the activity of the hypothalamic 

POMC system in older women is presented. The products of POMC have important 

flmctions in addition to reproductive regulation, and an age-related decline in this 

neuropeptide system could have significant implications for the health of older women. 

The results reported in Chapter 3, in which ovariectomized monkeys received long-term, 

continuous estrogen treatment, are pertinent for assessing the estrogen toxicity hypothesis 

as a mechanism of reproductive aging in primates. Finally, in Chapter 4, the possibility 

that degenerative hypothalamic changes are associated with reproductive aging in women 

is evaluated. In that study, estimates of total infimdibular neuron number were made in 

groups of premenopausal and postmenopausal women using unbiased stereological 

techniques. The results suggest that neuron loss in this important reproductive control 

center is not a prominent feature of aging in women. 
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Chapter Two 

PROOPIOMELANOCORTIN GENE EXPRESSION IS DECREASED IN THE 

INFUNDIBULAR NUCLEUS OF POSTMENOPAUSAL WOMEN 

Abstract 

Previous studies have shown that estrogen withdrawal decreases the secretion of 

P-endorphin from the monkey hypothalamus. In addition, there are consistent age-

associated changes in ^-endorphin neurons in rodents. Based on these findings, we 

hypothesized that the activity of hypothalamic P-endorphin neurons would be decreased 

in the hypothalamus of postmenopausal women. In the present study, we examined the 

expression of POMC mRNA, the precursor mRNA for ^-endorphin, in the medial basal 

hypothalamus of premenopausal and postmenopausal women. Every 20'*' sagittal section 

through the hypothalamus was hybridized with a synthetic ^^S-labeled 48-base 

oligonucleotide probe complementary to POMC mRNA. Labeled neurons were coimted, 

and their somatic profile areas were measured with an image-combining computer 

microscope system. The mmiber of POMC mRNA-containing neiurons/section in the 

infundibular nucleus was reduced by 65% in postmenopausal women. In contrast, there 

was no significant difference in the nimiber of neurons expressing POMC gene 

transcripts in the retrochiasmatic region. The POMC neurons in the retrochiasmatic area 

were also distinct morphologically firom those in the infundibular nucleus. The 

differences between the infimdibular and retrochiasmatic regions suggest that fimctional 
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subgroups of POMC neurons exist in the human hypothalamus. Our findings support the 

hypothesis that the activity of hypothalamic POMC neurons is decreased in the 

inflmdibular nucleus of postmenopausal women. 

Introduction 

Human menopause is characterized by consistent and dramatic changes in the 

hypothalamic-pituitary-gonadal axis. An irreversible loss of ovarian follicles (Block, 

1952) results in castrate levels of gonadal steroids (Baird and Guevara, 1969). Pituitary 

gonadotropin secretion is elevated (Chakravarti et al., 1976), due to the withdrawal of 

steroid negative feedback (Yen and Tsai, 1971). There are also dramatic changes in 

hypothalamic neuronal morphology and neuropeptide gene expression in association with 

menopause (Ranee, 1992). There is hypertrophy of substance P and neurokinin B 

neurons in the inflmdibular nucleus, accompanied by increased tachykinin gene 

expression (Ranee et al., 1990; Ranee and Young, 1991). Gene expression also increases 

in a subpopulation of GnRH neurons in the medial basal hypothalamus (Ranee and 

Uswandi, 1996). Because increased gene expression has been linked with elevated 

cellular activity (Comb et al., 1987; Young and Zoeller, 1987; Blum et al., 1987; Uhl and 

Nishimori, 1990; Petersen et al., 1991), these data suggest that increased GnRH neuronal 

activity contributes to the gonadotropin hypersecretion that accompanies menopause. 
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Endogenous opioid peptides, particularly p-endoiphin, play a major role in the 

regulation of the reproductive axis through an inhibitory influence on GnRH secretion 

(Ferin et al., 1984). The activity of P-endorphin neurons, in turn, is regulated by gonadal 

steroids. For example, in cynomolgus monkeys, removal of the ovaries results in 

decreased P-endorphin secretion into the hypophyseal portal circulation, a finding that is 

reversed by estrogen replacement (Wardlaw et al., 1982; Wehrenberg et al., 1982). In 

humans, the steroid withdrawal and gonadotropin hypersecretion of menopause is 

associated with a decline in the inhibitory opioid control of LH secretion (Reid et al., 

1983b). P-Endorphin neurons are also sensitive to the effects of aging, as demonstrated 

by the consistent age-associated decrease in the levels of P-endorphin peptide or 

precursor mRNA in the hypothalamus of both male and female rodents (Missale et al., 

1983; Rogers et al., 1985; Nelson et al., 1988; Lloyd et al., 1991; Gruenewald and 

Matsimioto, 1991; Gambert et al., 1980; Barden et al., 1981; Forman et al., 1981). Based 

on these findings, we hypothesized that the activity of P-endorphin neurons would be 

decreased in the hypothalamus of postmenopausal women. In the present study, we 

tested this hypothesis by determining if menopause is associated with a change in the 

number of hypothalamic neurons expressing proopiomelanocortin (POMC) mRNA, the 

precursor mRNA for P-endorphin. 
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Materials and Methods 

Subjects 

This study was conducted using hypothalamic sections from subjects examined in 

our previous study of GnRH gene expression (Ranee and Uswandi, 1996). The tissue 

blocks were collected at autopsy from premenopausal (n = 8) and postmenopausal (n = 9) 

women who died of sudden unexpected causes [for clinical information, see Table 1 in 

Ranee and Uswandi, (1996)]. These specimens were collected in accordance with 

guidelines set forth in Federal Register 46 and at the University of Arizona. Subjects 

with a history of neurological or endocrine disease, drug abuse, extended hospitalization 

or chronic illness were excluded. In addition, there was no history of hormone 

replacement therapy in any of the postmenopausal subjects. The mean postmortem 

intervals were not significantly different between the two groups. Premenopaxisal 

subjects ranged in age from 21 to 41 years with a mean of 31 years. Postmenopausal 

subjects ranged in age from 59 to 81 with a mean of 70 years. The endometrium and 

ovaries from each subject were examined histologically to confirm reproductive status. 

Hypothalamic blocks were placed on foil-coated glass slides, fix)zen at -30° C m 

isopentane and stored at -80° C. 
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Hybridization histociieiiiistry 

Sagittal sections (20 fim) were cut in a cryostat-microtome at -20° C and thaw 

mounted onto gelatin-coated slides. Every 20"* section was processed for hybridization 

histochemistry using a synthetic, ^^S-labeled, 48-base oligonucleotide probe 

complementary to bases 7,106-7,153 of the human POMC gene (Takahashi et al., 1983). 

All shdes were processed within the same hybridization procedure. The probe was 

labeled on the 3' end using terminal deoxynucleotidyl transferase (Boehringer-

Mannheim, Indian^hs, IN) and [^^S]deoxyadenosine triphosphate (>1,000 Ci/nmiol; 

New England Nuclear, Boston, MA). Sections were brought to room temperature, 

postfixed in 4% formaldehyde in phosphate-buffered saline for 5 minutes, treated with 

0.25% acetic anhydride for 10 minutes, and delipidated in a graded series of ethanols and 

chloroform. After drying, sections were incubated for 20 hours at 37''C in 50 |il buffer 

consisting of600 nM NaCl, 80 mM Tris-HCl, pH 7.5,4 mM ethylenediaminetetraacetic 

acid, 0.1 % sodiiun pyrophosphate, 0.2% sodiimi dodecyl sulfate, 10% dextran sulfate, 

0.2 mg/ml heparin sulfate, 100 mM dithiothreitol, and 10® dpm of [^^S]-labeled probe. 

Sections were then washed in a solution of 0.3 M NaCl/30 mM sodium citrate buffer (2 x 

SSC) and 50% formamide at 45°C. Slides were dipped in Kodak NTB-3 nuclear 

emulsion and exposed at 4°C for 12 days. Slides were developed and coimterstained with 

toluidine blue. 
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The specificity of the probe was determined through a series of controls. 

Northern analysis under the same conditions of stringency revealed the appropriate size 

of transcripts (Ranee and Yoimg, 1991). Second, hybridization with sense probes and in 

buffer lacking probe failed to generate any specific labeling. Finally, the distribution of 

neurons labeled with the POMC probe was similar to previous immunocytochemical and 

in situ hybridization studies ui humans and other species (Gee et al., 1983; Khachaturian 

et al., 1984; Lewis et al., 1984; Adams et al., 1991; Sukhov et al., 1995; Bethea and 

Widmami, 1996). 

Morphological Analysis 

All slides were coded to prevent experimenter bias. One parasagittal section was 

selected approximately 500 fim firom the midline and carefully matched across subjects to 

correspond to figure 4-4 from Nauta and Haymaker (Nauta and Haymaker, 1969). At this 

level, the infimdibular nucleus is clearly demarcated from the ventromedial nucleus, thus 

providing the optimal standardization between subjects. The mediobasal hypothalamus 

was divided into the retrochiasmatic area and the infimdibular nucleus using the 

tuberoinfimdibular sulcus as a landmark [see Figure 1 from Ranee et al, (1994)]. This 

division was based on classic descriptions of the himian hypothalamus as revealed by 

Nissl and pigment stains (Nauta and Haymaker, 1969; Braak and Braak, 1992) and our 

previous neuropeptide mapping studies (Sukhov et al., 1995; Chawla et al., 1997). The 

infimdibular nucleus was subsequently divided equally into anterior and posterior 

compartments. A neuron was considered labeled if the overlying silver grains showed 



44 

the typical cytoplasmic distribution and exceeded 5X the number of background grains. 

All labeled neurons within the matched section of medial basal hypothalamus were 

mapped and counted using an image-combining computer microscope system and 

Neurolucida software (Microbrightfield, Baltimore, MD). Neuronal perimeters were 

manually digitized for subsequent calculations of neuronal profile area. The shapes of 

neuronal profiles were quantified using the form factor index, defined as the area of the 

profile divided by the area of a circle having the same perimeter [An-x area/perimeter^, 

(Arbuthnott et al., 1980; Femmdez et al., 1991)]. Thus, form factor index measures the 

degree to which the shape of a profile approaches a perfect circle. 

Statistical Analysis 

The mean cell profile area, cell form factor and number of cells/section were 

calculated for individual subjects by hypothalamic region, and these values were used to 

compute group means. Differences between groups and regions were analyzed by two-

way repeated measures ANOVA followed by Tukey's HSD multiple comparison test. 

Differences with p values < 0.05 were considered statistically significant. The Pearson 

product-moment correlation coefiBcient was calculated to determine the relationship 

between the number of POMC neurons/section and subject age. 
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Results 

Neurons labeled with the POMC probe were distributed throughout the medial 

basal hypothalamus fix>m the posterior edge of the optic chiasm to the premammillary 

nucleus (Fig. 2.1). The POMC neurons in the retrochiasmatic area were distinct 

morphologically from those in the infimdibular nucleus (Fig. 2.2). The retrochiasmatic 

neurons were significantly larger in profile area (retrochiasmatic area, 475.2 + 15.0 jun^; 

infimdibular nucleus, 309.3 + 9.0 mean ± SEM, Fig. 2.2) and more elongated in 

shape (retrochiasmatic area: 0.75 + 0.01; infimdibular nucleus: 0.79 + 0.007; mean form 

factor index ± SEM). In addition, the retrochiasmatic POMC neurons were frequently 

oriented parallel to each other relative to the infimdibular stalk (Fig. 2.2). There were no 

differences in the quantitative morphological parameters between POMC neurons in the 

anterior and posterior divisions of the infimdibular nucleus. No significant effect of pre-

or postmenopausal status was detected for either mean profile area or form factor index in 

any region (n= 7 subjects/group. Fig. 2.3). 

Figure 2.1 illustrates the distribution of neurons containing POMC mRNA in the 

medial basal hypothalamus of representative pre- and postmenopausal subjects. Overall, 

there was a 65% decline in the nimiber of POMC neurons/section in the infimdibular 

nucleus of postmenopausal women (Fig. 2.3). Statistical analysis showed that the 

reduction in the nimiber of neurons expressing POMC mRNA/section occurred in both 

the anterior (premenopausal, 224 + 44.2; postmenopausal, 100 + 38.2 neurons/section; 



mean + SEM) and posterior (premenopausal, 116.2 + 20.1; postmenopausal, 19.8 + 7.0 

neurons/section, n = 6 subjects/group) divisions of infundibular nucleus. In contrast, the 

mean number neurons/section »q)ressing POMC mRNA in the retrochiasmatic nucleus 

was not significantly different between premenopausal (76.2 + 23.8 neurons/section) and 

postmenopausal (92.0 + 32.9 neiux)ns/section) groups. Regression analysis showed an 

inverse relationship between the number of POMC neurons per section in the 

infundibular nucleus and subject age (r = -0.78, p = 0.003, Fig. 2.4). There was no 

correlation between the number of POMC neurons per section and subject age in the 

retrochiasmatic area. 

Discussion 

In the present study, we report a significant reduction in the number of neurons 

expressing POMC mRNA in the infundibular nucleus of postmenopausal women. The 

decrease in the number of neurons expressing POMC gene transcripts was region-

specific, occurring in the inflmdibular nucleus but not in the retrochiasmatic area. 

Because levels of gene expression have been correlated with changes in cellular activity 

(Comb et al., 1987; Young and Zoeller, 1987; Blum et al., 1987; Uhl and Nishimori, 

1990; Petersen et al., 1991), these data support our hypothesis that the activity of POMC 

neurons is decreased in postmenopausal women. 
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The decrease in POMC gene expression is consistent with pharmacological 

studies showing a loss of the inhibitory influence of endogenous opioids in 

postmenopausal women. In premenopausal women, administration of naloxone (an 

opioid receptor blocker) elicits a two-fold increase in circulating LH, indicating a basal 

opioid inhibition of gonadotropin release (Quigley and Yen, 1980; Ropert et al., 1981; 

Shoupe et al., 1985). In contrast, the administration of naloxone fails to induce an LH 

response in postmenopausal women (Reid et al., 1983b; Melis et al., 1984; Casper and 

Alapin-Rubillovitz, 1985a; Dawood et al., 1986). The present study suggests that this 

loss of inhibitory "opioid tone" may be due, in part, to an alteration in POMC gene 

expression in the infundibular nucleus. These data are also consistent with the reduction 

of p-endorphin in the cerebrospinal fluid of postmenopausal women (Nappi et al., 1990). 

The strong inverse relationship between the number of infundibular neurons 

expressing POMC mRNA and subject age suggests that the decline in POMC gene 

expression is secondary to senescent changes in the hypothalamus. Indeed, aging in 

laboratory rodents is accompanied by a consistent decline in hypothalamic POMC gene 

expression (Nelson et al., 1988; Lloyd et al., 1991; Gruenewald and Matsumoto, 1991), 

decreased P-endorphin levels (Gambert et al., 1980; Barden et al., 1981; Forman et al., 

1981; Missale et al., 1983; Missale et al., 1983; Rogers et al., 1985) and a reduction in the 

nimiber of P-endorphin immunoreactive neurons (Miller et al., 1991; Miller et al., 1995). 

Furthermore, the age-related changes in POMC neurons have been shown to be 

independent of gonadal status (Lloyd et al., 1991; Miller et al., 1995). More recently, the 
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LH response to naloxone was found to be diminished in older premenopausal women 

with normal steroid levels (Coiro et al., 1997). These data suggest that an age-related 

decline in opioid activity occurs prior to the loss of ovarian steroid secretion. 

We cannot exclude the possibility, however, that ovarian failure contributed to the 

alteration in POMC gene expression described in this study. Various lines of evidence 

suggest that gonadal steroids modulate endogenous opioid activity. In both humans and 

non-himian primates, opioid inhibition of LH secretion is critically dependent on the 

levels of circulating gonadal steroids. The increase in LH secretion following naloxone 

administration is diminished or absent in the relatively low estrogen environment of the 

early follicular phase (Quigley and Yen, 1980) and following oophorectomy (Shoupe et 

al., 1985). Conversely, hormone replacement therapy in postmenopausal or 

oophorectomized women restores the LH response to naloxone (Melis et al., 1984; 

Casper and Alapin-Rubillovitz, 1985a; Shoupe et al., 1985; Dawood et al., 1986; 

Cagnacci et al., 1991). More importantly, ovariectomy in monkeys reduces the levels of 

^-endorphin in hypophyseal portal blood, and this change is reversed by hormone 

replacement (Wardlaw et al., 1982; Wehrenberg et al., 1982). Thus, both aging and 

ovarian failure have the potential to contribute independently to the decrease in POMC 

gene expression in postmenopausal women. 
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As in other species, the distribution of POMC neurons in the hiiman diencephalon 

is restricted to the medial basal hypothalamus, the principal site of P-endorphin synthesis 

in the brain. POMC neurons in the human infimdibular nucleus, however, are distinct 

morphologically from those in the retrochiasmatic area. These findings are consistent 

with our previous descriptions of POMC neurons in the human (Sukhov et al., 1995) and 

monkey (Abel et al., 1999) hypothalamus. Interestingly, the reduction in the niunber of 

neurons expressing POMC mRNA was also region specific, occurring in the infundibular 

nucleus but not the retrochiasmatic area. In laboratory rodents, POMC gene expression is 

also regulated differentially depending on the rostral-caudal location of the neurons 

within the medial basal hypothalamus (Chowen-Breed et al., 1989; Tong et al., 1990; 

Cheung and Hammer, Jr., 1995; Schwartz et al., 1997). In addition, ^-endorphin neurons 

have divergent axonal projections that vary depending on the rostral-caudal position of 

the cell body within the medial basal hypothalamus (Yoshida and Taniguchi, 1988; 

Cheung and Hammer, Jr., 1995). Taken together, these studies suggest that distinct 

functional subgroups of POMC neurons exist within the medial basal hypothalamus. 

Hypothalamic p-endorphin neurons have an important inhibitory role in the 

regulation of gonadotropin secretion in primates (Ferin et al., 1984; Gindofif and Ferin, 

1987). Nimierous studies suggest that the inhibitory influence of P-endorphin neurons 

occurs at the level of hypothalamic GnRH neiuons. For example, the administration of 

naloxone increases LH pulse frequency (Ropert et al., 1981; Van Vugt et al., 1984), a 
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reflection of a change in hypothalamic GnRH pulsativity (Clarice and Cummins, 1982). 

Naloxone also directly stimulates GnRH release fiom the perfused human fetal 

hypothalamus in vitro (Rasmussen et al., 1983). In monkeys, administration of opioid 

antagonists increases GnRH secretion into the median eminence (Pau et al., 1996) and 

has a stimulatory effect on "GnRH pulse generator" activity in the medial basal 

hypothalamus (Grosser et al., 1993). In addition, POMC neurons form synaptic contacts 

with GnRH neurons in the monkey hypothalamus (Thind and Goldsmith, 1988). 

Therefore, a decline in the activity of POMC neurons could contribute to the 

gonadotropin hypersecretion and increased GnRH gene expression in postmenopausal 

women (Ranee and Uswandi, 1996). 

Alterations in hypothalamic opioid neurons could also contribute to other 

symptoms of menopause, such as hot flushes. Qualitative similarities between hot 

flushes and the thermoregulatory instability associated with morphine withdrawal have 

long been recognized (Simpkins et al., 1983; Casper and Yen, 1985b). These 

observations, coupled with data showing an interaction between ovarian steroid levels 

and endogenous opioid activity have led to the proposal that menopausal flushes may 

represent a "limited (endogenous opioid) withdrawal syndrome" (Casper and Yen, 

1985b). An extensive literature linking endogenous opioids to thermoregulation lends 

credence to this hypothesis (Adler et al., 1988). Furthermore, naloxone-precipitated 

morphine withdrawal in rats leads to skin temperature fluctuations that closely resemble 

postmenopausal flushes (Simpkins et al., 1983). In this rodent model of menopausal 
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flushes, the skin temperature response after morphine withdrawal is attenuated by 

estrogen replacement (Katovich and ©"Meara, 1987). 

P-Endorphin neinx>ns have also been implicated in numerous other regulatory 

functions including mood, stress responses, sexual behavior, autonomic processes, 

nociception, locomotion, feeding, learning, memory and reward (Koob and Bloom, 1983; 

Reid, 1983a; Ferin et al., 1984; Khachaturian et al., 1985; Grossman, 1983). In addition 

to P-endorphin, the POMC precursor gives rise to a-melanocyte stimulating hormone (a-

MSH) and adrenocorticotropic hormone (ACTH). Recent studies suggest that these 

POMC products also have important physiological roles, acting centrally through the 

newly discovered melanocortin receptors (MounQ'oy and Wong, 1997; Tatro, 1996). a-

MSH is a powerful mediator of the brain's immune response (Lipton et al., 1998), and is 

also involved in the regulation of energy balance and food intake (Poggioli et al., 1986; 

Fan et al., 1997; Huszar et al., 1997). Furthermore, the melanocortins may mediate some 

of the actions of leptin, an energy signal and satiety factor produced by adipocytes 

(Cheung et al., 1997; Thornton et al., 1997; Mizuno et al., 1998). Given the important 

homeostatic, immune and neuroendocrine functions associated with the products of 

POMC, alterations of these neurons after the menopause could have important 

consequences for the overall heath of older women. 
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Figure 2.1: Computer-assisted maps showing the distribution of POMC neurons in 

representative sections of premenopausal postmenopausal (right) women. The 

open arrows mark the approximate position of the tuberinfimdibular sulcus. The insert in 

the figure on the left is a projection drawing of a human brainstem and cerebellum that 

has been sectioned in the mid-sagittal plane. The boxed area indicates the location of the 

hypothalamic sections. Note the decrease in labeled neurons in the postmenopausal 

inflmdibular nucleus, ac, anterior commissure, fic, fornix; INF, infundibular nucleus; MB, 

mammillary body; mt, mammilothalamic tract; POA, preoptic area; oc, optic chiasm; 

RCA, retrochiasmatic area; VMN, ventromedial nucleus. 
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Figure 2.2: Representative photomicrogr^hs of neurons labeled with the POMC probe 

and counterstained with toluidine blue in the retrochiasmatic area (A) and infundibular 

nucleus (B). Note the large size, elongated shape and parallel orientation of 

retrochiasmatic neurons compared to those in the infimdibular nucleus. Scale = 20 ^m. 
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Figure 2.3; Number of neurons/section (top) and mean cell profile area (bottom) of 

POMC neurons in the infundibular nucleus (INF) and retrochiasmatic area (RCA) of pre-

and postmenopausal women. *significantly different from inflmdibular nucleus of 

premenopausal group (Tukey's HSD multiple comparison test with p < 0.05). 

+significantly different from retrochiasmatic area (Tukey's HSD multiple comparison 

test with p < 0.05). 
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Figure 2.4; Scatterplots and regression lines showing the relationship between age and 

number of neurons containing POMC mRNA in the infundibular nucleus Geft) and 

retrochiasmatic area (right) of premenopausal (closed circles) and postmenopausal 

subjects (open circles). Each data point represents one subject. There is a significant 

inverse relationship between subject age and number of POMC neurons in the 

infundibular nucleus (r = -0.78, p = 0.003). In contrast, there is no correlation between 

age and the number of labeled neurons in the retrochiasmatic area. 
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Ch^ter Three 

THE EFFECTS OF HORMONE REPLACEMENT THERAPY ON 

HYPOTHALAMIC NEUROPEPTIDE GENE EXPRESSION IN A PRIMATE 

MODEL OF MENOPAUSE 

Abstract 

Menopause is associated with increased neurokinin B (NKB) gene expression and 

decreased POMC gene expression in the human hypothalamus. In the present study, 

young, ovariectomized cynomolgus monkeys were used in a model of menopause to 

examine the effects of hormone replacement therapy (HRT) on hypothalamic 

neuropeptide gene expression. A secondary goal was to determine whether HRT 

produces signs of estrogen toxicity in the primate hypothalamus by examining POMC 

neurons and microglial cells. In situ hybridization was performed using synthetic, 

radiolabeled, 48-base oligonucleotide probes. a-Napthyl butyrate esterase histochemistry 

was used to visualize microglial cells. Both estrogen and estrogen plus progesterone 

treatments produced a marked suppression of the number of iniundibular neurons 

expressing NKB gene transcripts. In contrast, HRT had no effect on the POMC system 

of neurons or the number of microglial cells in the in&ndibular nucleus. These results 

provide strong support for the hypothesis that the increased NKB gene expression in the 

hypothalamus of postmenopausal women is secondary to estrogen withdrawal. 

Conversely, these data suggest that the dramatic decline in the numbers of neurons 

expressing POMC gene transcripts in older women is due to factors other than ovarian 
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failure. Finally, we found no evidence that HRT, in doses designed to mimic currently 

prescribed regimens, produces signs of estrogen toxicity in the primate infundibular 

nucleus. 

Introdaction 

Estrogen and progesterone supplements are now among the most commonly 

prescribed drugs in the United States (Rosenberg, 1993). Hormone replacement ther^y 

(HRT) is administered for the prevention of osteoporosis, to lower the risk of 

cardiovascular disease and for the treatment of estrogen deficiency symptoms such as 

flushes and genito-urinary atrophy (Speroff, 1993). There are also data suggesting 

improved cognitive function (Phillips and Sherwin, 1992) and a lowered risk of 

Alzheimer's disease in women with hormone replacement (Brenner et al., 1994). Low 

patient compliance with sequential replacement of hormones due to breakthrough 

endometrial bleeding has lead to increased use of continuous non-physiologic hormone 

replacement regimens (SperofiF, 1993; Belchetz, 1994; Evans et al., 1995). Although 

millions of women are currently receiving HRT, little is known about the effects of these 

treatments on the primate CNS. 

Human menopause is associated with marked changes in hypothalamic neuronal 

morphology and neuropeptide gene expression (Sheehan and Kovacs, 1966; Ranee et al., 

1990; Ranee and Young, 1991; Ranee and Uswandi, 1996). There is somatic 

hypertrophy of neurons in the inflmdibular nucleus of postmenopausal women, which is 
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characterized by enlarged nuclei and nucleoli, and increased Nissl substance (rough 

endoplasmic reticulum) (Sheehan and Kovacs, 1966; Ranee et al., 1990). 

Postmenopausal neuronal hypertrophy occurs in a subpopulation of infundibular neurons 

expressing estrogen receptor, neurokinin B (NKB) and substance P gene transcripts 

(Ranee et al., 1990; Ranee and Young, 1991). There is a marked increase in the numbers 

of neurons expressing tachykinin gene transcripts (Ranee and Young, 1991) and gene 

expression also increases in a separate subpopulation of GnRH neurons within the medial 

basal hypotb.ilamus (Ranee and Uswandi, 1996). We have hypothesized that the 

dramatic increase in hypothalamic NKB gene expression in postmenopausal women is 

secondary to the ovarian failure of menopause. 

More recently, we have described a decline in the numbers of neurons expressing 

proopiomelanocortin (POMC) mRNA in the inilmdibular nucleus of postmenopausal 

women (Abel and Ranee, 1999). POMC is the precursor for P-endorphin, which has 

been implicated in a variety of functions including netiroendocrine and autonomic 

regulation, mood, memory, locomotion, reinforcement and nociception (Wardlaw et al., 

1982; Koob and Bloom, 1983; Grossman, 1983; Ferin et al., 1984; Howlett and Rees, 

1987). Other cleavage products of hypothalamic POMC include adrenocorticotropic 

hormone and a-melanocyte stimulating hoimone (Takahashi et al., 1983). These 

peptides have important physiological roles in the CNS as modulators of the immune 

response (Lipton et al., 1998) and in the regulation of body weight (Moun '̂oy and Wong, 

1997; Fan et al., 1997; Huszar et al., 1997). Thus, alterations in the function of the 
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hypothalamic POMC system may have a considerable impact on the health of older 

women. 

Because menopause is characterized by changes in both age and ovarian status, it 

is difGcult to ascertain if the changes in NKB and POMC gene expression in 

postmenopausal women are due to hypothalamic aging or loss of ovarian hormones. To 

address this question, we used the yoimg, ovariectomized cynomolgus monkey as a 

primate model of menopause to test the effects of hormone replacement on hypothalamic 

neuropeptide gene expression. If the changes observed in postmenopausal women are 

secondary to ovarian withdrawal, the replacement of ovarian hormones in ovariectomized 

monkeys should result in decreased numbers of NKB mRNA expressing neurons, and 

conversely, increased niunbers of POMC neurons in the monkey infundibular nucleus. 

A second goal of the present study was to determine whether long-term HRT, in 

doses designed to mimic those currently prescribed to postmenopausal women, produces 

signs of estrogen toxicity in the primate hypothalamus. The toxic effects of long-term, 

continuous estrogen treatment have been well described in rodents, and this toxicity 

produces a syndrome which resembles primary hypothalamic aging (Finch et al., 1984; 

Desjardins et al., 1995). Although continuous HRT is currently being prescribed to 

millions of women, it is not known if similar hypothalamic neuropathology occurs 

secondary to sustained estrogen exposure in primates. Therefore, we determined whether 

long-term HRT results in decreased numbers of POMC neurons and/or increased 
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microglial activity in the primate infundibular nucleus. These two parameters were 

selected for study because they have been shown to be sensitive and specific markers of 

estrogen toxicity in rats (Brawer et al., 1983; Desjardins et al., 1995). 

Materials and Methods 

Aninoial Treatments 

Hypothalami were obtained from monkeys enrolled in a study of the effects of 

HRT on coronary atherosclerosis conducted by the Comparative Medicine Clinical 

Research Center and the Department of Comparative Medicine at the Wake Forest 

School of Medicine (Williams et al., 1995). Animal treatments were carried out in 

compliance with state and federal laws, standards of the Department of Health and 

Human Services, and the guidelines of the Institutional Animal Care and Use Committee 

at the Wake Forest School of Medicine. Twenty-four adult female cynomolgus 

macaques (Macaca fascicularis) ranging in age from 5-13 years were imported from 

Indonesia (Charles River Primates, Port Washington, N.Y.). The monkeys were housed 

in social groups of 4-8 with indoor/outdoor facilities. Perches and barrels were provided 

for playing and hiding. The monkeys were ovariectomized under ketamine and xylazine 

anesthesia. All animals received a moderately atherogenic diet consisting of 43% of 

calories from fat and 0.44 mg cholesterol per kilocalorie. After two years they were 

switched to a lipid-lowering diet for the remainder of the study. For a detailed 

description of the diet as well as plasma lipid profiles please see Williams et al., (1995). 
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Two years after ovariectomy, the animals were divided into three experimental 

groups; untreated ovariectomized controls (OVX), continuous estrogen treatment (OVX 

+E) and estrogen plus progesterone (OVX + EP). Conjugated equine estrogen (Premarin, 

Wyeth-Ayerst, Radnor, PA) was used for an initial treatment period of 7.2 |ig/day for 8 

months and then increased to 0.17 mg/day (per 4 kg body weight). Medroxyprogesterone 

acetate (Cycrin, ESI Lederle) was given at a dose of650 ^g/day (per 4 kg body weight). 

Based on adjustments for body size and metabolic rate, the final dosages were calculated 

to be equivalent to a women's daily dose of0.625 mg Premarin or 2.5 mg 

medroxyprogesterone. The hormones were administered twice daily in the diet. The 

animals received either HRT or no hormone treatment for a total of 30 months before 

sacrifice. 

Plasma concentrations of 17P-estradiol were determined in these animals four 

hours after feeding, using a commercially available kit (Diagnostic Products 

Corporation). This assay had a sensitivity of 5 to 7 pg/ml. The mean plasma estradiol 

level in the OVX group was at the lower limit of sensitivity (5.1 ±1.3 pg/ml). This value 

was significantly elevated in both the OVX + E (163.9 ± 18.9 pg/ml) and OVX + EP 

(147.6 ± 8.7 pg/ml) groups. For information concerning plasma levels of 

medroxyprogesterone in cynomolgus monkeys receiving these dosages see Adams et al., 

(1997). 
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Animals were sacrificed between 9:00 and 13:00 hours. At sacrifice, the animals 

were restrained with ketamine (IS mg/kg, ijn.), deeply anesthetized with sodium 

pentobarbital (35 mg/kg, i.v.) and perfused transcardially with cold, 0.1 M phosphate 

buffered saline (pH 7.4). The brains were rapidly removed and sliced into 1 cm slabs 

with the aid of a monkey brain matrix. A slab containing the hypothalamus was dissected 

by rostral cuts at the level of the optic chiasm and caudal cuts through the mammillary 

bodies. The hypothalami were dissected out of the slabs by a horizoatal cut at the level 

of the anterior conmiissure and a parasagittal cut 1 cm firom the midline. The 

hypothalami were bisected and fit>zen in isopentane cooled to -30°C. A unilateral 

hypothalamus from each animal was packed in dry ice and shipped to the University of 

Arizona where they were stored at -80®C. One OVX + E animal was excluded fix)m the 

study due to damage to the infundibular nucleus during tissue preparation. The 

remaining hypothalami were serially sectioned in a cryostat (12 um thickness) and 

sections were mounted on gelatin-coated slides. The slides were stored at -80°C until 

hybridization. 

In Situ Hybridization 

Every lO^** section was hybridized with [^^S]-labeled 48 base, synthetic 

oligonucleotide probes complementary to either human NKB or POMC mRNAs. All 

slides were processed within the same hybridization procedure. The sequence of the 

NKB probe was: 



CTGGCTGGACGCTCATCTTGCCCATAAGTCCCACAAAGAAATCATGCA (Dr. T. 

Bonner, personal communication)- The POMC probe was complementary to bases 

7,106-7,153 of the pre-POMC gene (Takahashi et al., 1983). The probes were 

synthesized on an automated DNA synthesizer (Applied Biosystems Incorporated model 

380A) and purified by PAGE gels. The probes were end-labeled using terminal 

deoxynucleotidyl transferase (Boehringer-Mannheim) and [^^S]dATP (>1000 Ci/mMol.; 

New England Nuclear). 

On the day of hybridization, sections were thawed to room temperature, fixed in 

4% formalin-PBS for 5 minutes, placed in 0.25% acetic anhydride in 0.1 M 

triethanolamine (pH = 8) for 10 minutes and then delipidized in increasing concentrations 

of ethanol to 100% followed by chloroform. The slides were then sequentially dipped in 

100% and 95% ethanol and allowed to dry. Sections were incubated in a humid chamber 

overnight at 37®C in 10^ dpm of [^^S]-Iabeled probe per 60 |xl hybridization buffer under 

parafBn coverslips. The buffer consisted of 50% formamide, 600 mM NaCl, 80 mM 

Tris-HCL (pH 7.5), 4 mM EDTA, 0.1% sodium pyrophosphate, 0.2% SDS, 0.2 mg/ml 

heparin sulfate, 10% dextran sulfate, and 100 mM dithiothreitol. The following day, 

slides were washed four times in 2 X SSC (1 X SSC = 150 mM NaCl and 15 mM Na 

citrate)/50% formamide at 40°C for 15 minutes each and then 2 washes in 1 X SSC at 

room temperature for 30 minutes each. Slides were dipped in water, then 70% ethanol 

and air-dried. The slides were then dipped into NTB-3 under safelight conditions, 

(diluted 1:1 with water, Eastman Kodak, Rochester, NY) and stored in the dark at 4°C. 



68 

Test slides were developed to determine optimum length of exposure. The NKB slides 

were developed after 2 months of «cposure and the POMC slides after one week of 

exposure by sequential immersion for 2 minutes in Dektol Developer (17°C, diluted 1:1 

with water), water and Fixer (EDF/EDP photochemicals, Eastman Kodak). After rinsing, 

the sections were counterstained with toluidine blue. 

The specificities of the probes have been previously demonstrated in human 

hypothalamic tissues using Northern-analysis at the same conditions of stringency (Ranee 

and Yoimg, 1991). In addition, no signal was present when monkey hypothalamic 

sections were hybridized either to NKB or POMC sense probes or in buffer without 

probe. The distribution of the labeled cells in the infundibular nucleus was similar to 

previous descriptions of NKB or POMC mRNAs in human or monkey hypothalamus 

(Adams et al., 1991; Sukhov et al., 1995; Chawla et al., 1997). Finally, 

immunocytochemical studies have shown similar distributions of P-endorphin- (Lewis et 

al., 1984; Bethea and Widmann, 1996), POMC- (Khachaturian et al., 1984), and 

tachykinin-immunoreactive neurons (Ronnekleiv et al., 1984) in the monkey inflmdibular 

nucleus. 

Histochemistry for microglial ceils 

Monocytes and tissue histiocytes express unique, sodium fluoride-sensitive 

esterases such as a-napthyl butyrate esterase (Li et al., 1973; Gignac and Drexler, 1990; 
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Patel and Scott, 1991). Brain microglia are also identified by these enzymatic markers, 

consistent with the hematopoetic origin of these cells (Oehmichen et al., 1980; Ling et al., 

1982). Esterase activity in microglia has been demonstrated in a variety of species 

including mouse, rat, guinea pig, and human (Oehmichen et al., 1980; Ling et al., 1982; 

Zucker-Franklin et al., 1987; Di Pucchio et al., 1996). In culture, increased microglial 

esterase activity is correlated with increased phagocytic activity and the morphologic 

characteristics of activated microgUa (Qiamak and Mallat, 1991; Di Pucchio et al., 1996). 

Resting microglia in uninjured brain also express esterase activity (Ling et al., 1982). An 

increase in the nimiber of activated microgha in adult animals is a sensitive and reliable 

marker of neuropathology (Dolman, 1991; Duchen, 1992) and a key feature of the 

estrogen-associated toxicity in rodents (Brawer et al., 1983). 

In the present study, microglial cells were identified by staining for a-napthyl 

butyrate esterase according to the method of Li et al. (Li et al., 1973). Sections were 

fixed in cold 45% acetone, 10% buffered formalin for 30 seconds followed by three 

rinses in distilled water. They were air-dried and then incubated for 45 minutes in a 

substrate mixture consisting of 0.64M ethylene glycol monomethyl ether, 0.063M 

phosphate buffer (pH 6.3), 4.6 mM alpha-napthyl butyrate and 0.3 mM hexazotized 

pararosanilin. Sections were rinsed three times in distilled water, counterstained in 

Weigert's hematox>'lin for 10 minutes, rinsed in running tap water for 5 minutes, dried 

and coverslipped. A section fi:om normal tonsil was used as a positive control for 
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macrophage staining. Incubation with sodiimi fluoride, a specific inhibitor of esterase 

activity in monocytes, eliminated all specific staining in both tonsil and brain. 

Compater microscope analysis 

Before all procedures, slides were coded to prevent experimenter bias. Because 

oiu: previous studies of POMC neurons in the human hypothalamus revealed considerable 

regional heterogeneity (Abel and Ranee, 1999), we decided to limit our analysis to 

matched sections at easily identified hypothalamic levels. For measurements of NKB 

mRNA-containing neurons and microglial cells, two matched sections/animal were 

selected in the infundibular nucleus corresponding to section 840 of a monkey 

hypothalamic atlas (Bleier, 1984). For analysis of POMC neiux>ns, one matched section 

was selected corresponding to sections 800, 840 and 884 of Bleier's atlas (Bleier, 1984) 

to include the retrochiasmatic region and the anterior and posterior levels of the 

infundibular nucleus, respectively. Slides with significant sectioning artifact in the 

representative regions were excluded from microscopic analysis. 

All labeled neurons (defined as 5X background) within each matched section 

were marked, counted and their perimeters digitized for calculations of form factor and 

cell area. These data were obtained using an image-combining computer microscope and 

Neurolucida Software (Microbrightfield, Baltimore, MD). First, the perimeter of the 

infundibular nucleus was manually digitized using a 4X Zeiss objective. The 
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infundibular nucleus section was then scanned using a 63X Zeiss planapochromatic oil-

immersion objective, and every labeled cell was counted and the somatic perimeter 

digitized. Neuronal profile areas were calculated from these digitized perimeters. The 

shapes of neuronal profiles were quantified using the form factor index, defined as the 

area of the profile divided by the area of a circle having the same perimeter [AK X 

area/perimeter^, (Arbuthnott et al., 1980; Femmdez et al., 1991)]. Thus, form factor 

index measures the degree to which the shape of a profile deviates from a perfect circle. 

Form factor index has also been used in the model of estradiol-valerate induced toxicity 

to assess degenerative changes in P-endorphin immunoreactive neurons (Desjardins et al., 

1993). 

Twenty POMC neurons were selected in each matched section for analysis of 

autoradiographic grains using a systematic sampling strategy. In this strategy, the entire 

infundibular nucleus was systematically scanned and every n* labeled neuron (n = total 

number of labeled neurons within a section divided by 20) was analyzed. These data 

were collected with a Bioquant Meg IV image-analysis microscope system (R & M 

Biometrics, Nashville, TN) and BioQuant MEG IV counting and microdensitometry 

software (R & M Biometrics, Nashville, TN). Im^es were captured with a DAGE-MTI 

Series 65 black and white video camera attached to a Zeiss standard microscope with a 

lOOX Zeiss planapo oil-immersion objective. The light intensity was first standardized 

and the Nissl counterstain was suppressed with gel filters (Kodak Wratten 72B and SO) so 

that only dark silver grains were observed in the video image. The threshold was then 
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adjusted so that only the silver grains were measured and all the grains associated with 

each cell were counted. For each slide, background grains (approximately 2-3 

grains/neuron) were measured in an adjacent region of non-labeled tissue and this value 

was subtracted from the number of grains for each neuron. 

Statistical Analysis 

For all statistical analyses, the mean values for each animal were calculated. 

These values were then used to calculate the mean of each experimental group. Because 

no NKB neurons were detected in either the OVX + E or OVX + EP groups (see results 

below), the mean number of NKB neurons in the OVX group was compared to a 

hypothesized value of zero using a Mest Differences in POMC parameters and the 

numbers of microglia between treatment groups was analyzed by one-way analysis of 

variance. Because there were no differences in any of the parameters of POMC neurons 

among the various treatment groups, these data were pooled for f\u1her analysis of 

differences among hypothalamic regions. The differences among POMC neurons in the 

different hypothalamic regions were analyzed by one-way analysis of variance with 

repeated measures. Tukey's post tests were used with a = 0.05. 
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Results 

Nearokinin B Neurons 

Neurons containing NKB mRNA were identified within the infimdibular nucleus 

of the OVX monkeys that did not receive HRT (Fig. 3.1). These neurons were located 

preferentially in the medial-ventral infimdibular nucleus similar to the distribution of 

NKB mRNA containing neurons in human and rat hypothalamus (Ranee and Bruce, 

1994; Chawla et al., 1997). The NKB neurons in OVX animals exhibited prominent 

central nucleoli and well-defined Nissl substance with a mean profile area of284.2 +18.2 

These morphologic features were similar to the hypertrophied NKB neiirons 

identified in the postmenopausal human hypothalamus (Ranee and Yoimg, 1991). 

HRT resulted in a striking reduction in the number of neurons expressing NKB 

mRNA in the primate infundibular nucleus (Fig. 3.2). NKB neurons were identified in 

every infimdibular nucleus section in the OVX group (18.3+5.3 NKB neurons/section, 

mean + SEM, n = 8). In contrast, there were no NKB neurons detected in the 

infimdibular nucleus of any of the monkeys in either the OVX + E (n = 7) or OVX + EP 

(n = 5) groups (p < 0.004). 
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Proopiomelanocortm Neurons 

Neurons labeled with the POMC probe were identified throughout the 

retrochiasmatic region and infundibular nucleus. A few POMC neurons were also 

scattered dorsally in the ventromedial nucleus. HRT had no significant effect on the 

POMC system of neurons in the medial basal hypothalamus of ovariectomized, 

cynomolgus monkeys (Fig. 3.2). The number of neurons expressing POMC mRNA was 

not significantly altered by treatment with either estrogen or estrogen plus progesterone at 

any level of the hypothalamus. Furthermore, the sectional profile area and the number of 

grains/POMC neuron were unaltered by hormone replacement. Finally, analysis of form 

factor revealed no differences in the shape of POMC neurons among the three treatment 

groups. 

There were qualitative morphological differences between POMC neurons in the 

retrochiasmatic area and inflmdibular nucleus. Similar to the himian (Sukhov et al., 

1995; Abel and Ranee, 1999), POMC neurons in the retrochiasmatic area were oriented 

parallel to the pituitary stalk, and appeared larger and more elongated than POMC 

neurons at more posterior levels (Fig. 3.3). Significant regional differences in POMC 

neurons were also revealed by the quantitative analysis (Table 2). In particular, POMC 

neurons in the retrochiasmatic area had significantly larger mean profile areas, were more 

elongated (decreased form factor index) and were more numerous than in the anterior 

infundibular nucleiis. The POMC neurons in the anterior infundibular nucleus, in turn, 

had significantly larger mean profile areas, decreased forai factor index, and were more 
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numerous than the posterior infundibular nucleus. All morphological differences across 

hypothalamic regions were independent of treatment group. 
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Table 1. Regional differences in POMC nearonal morphology and gene expression 
in the medial basal hypothalamus of cynomolgas monkeys 

Summary of POMC data (mean ± SEM, n = 17-20 monkeys/group) at three levels of the 
mediobasal hypothalamus (RCA, retrochiasmatic area; Ant. hifimdibular, anterior 
infundibular nucleus; Post. Infundibular, posterior infundibular nucleus). 

Because there were no effects of HRT on any of these parameters, data are pooled from 
all treatment groups. 

• All values within a row are significantly different from each other. 

** Significantly different from RCA and Anterior Infundibular Nucleus 

RCA Ant Infundibular Post Infundibular 

Neurons/section 
Grains/cell 
Profile area 
Form factor 

169±24.4» 
229.2 ± 22.3 
284.0 ± 9.7* 
0.76 + 0.009* 

II7.8±11.5 
183.2+19.2 
226.6 + 7.1 

0.80 + 0.006 

52.9 + 7.7 
122.0+11.7«* 

212.7 + 6.4 
0.84 + 0.008 
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Microglial cells 

Staining for a-napthyl butyrate esterase revealed intensely stained microglial cell 

bodies and short microglial processes in the hypothalamus and adjacent brain (Fig 3.4). 

Many of the cell bodies of microglial cells contained daiic, granular inclusions. 

Consistent with previous reports, microglial morphology showed considerable variation 

(Lawson et al., 1990; Mander and Morris, 1995). Microglia in gray matter were round to 

oval, measuring about 9 ^m in diameter, whereas in white matter tracts, microglia were 

thin and elongated. There were no positive cells in the cynomolgus monkey brains 

exhibiting macrophage morphology (eccentric nuclei and round, well-defined 

cytoplasmic contours). In contrast, in the control sections from human tonsil, scattered 

macrophages were observed. Addition of sodiimi fluoride to the incubation mixture 

eliminated the specific staining in tonsil and in cynomolgus monkey brain. 

Microglia were evenly distributed throughout the infundibular nucleus in both 

untreated and treated monkeys and no differences in microglial morphology were 

observed among the groups. In particular, cells with the morphologic features of 

activated microglia (macrophages) were not identified in the infimdibular nucleus of any 

animal. Finally, there were no significant differences in the density of microglia in the 

infundibular nucleus among groups (OVX: 50.9 + 16.0 cells/mm^; OVX + E: 45.0 + 11.5 

cells/mm^; OVX + EP: 36.2 +22.5 cells/mm^; mean + SEM). 



78 

Discassion 

The present study provides the first information on the effects of long-term HRT 

on neuropeptide gene expression in the primate hypothalamus. The ovariectomized, 

cynomolgus monkey served as a model for postmenopausal women and received 

replacement protocols designed to mimic current therapeutic regimens. Young, 

ovariectomized monkeys represent an excellent model of postmenopausal women for 

several reasons. Unlike rodents, monkeys exhibit menstrual cycles which are similar in 

length to those in women (MacDonald, 1971; Jewett and Dukelow, 1972; Williams and 

Hodgen, 1982; Robinson and Goy, 1986), and eventually undergo menopause (Hodgen et 

al., 1977). In addition, the endocrine profile (gonadotropin hypersecretion and ovarian 

steroid withdrawal) and symptomatology (hot flushes) are similar among ovariectomized 

young monkeys, oophorectomized yoimg women and postmenopausal women (Wallach 

et al., 1970; Monroe et al., 1972; Chakravarti et al., 1977; Hodgen et al., 1977; Jelinek et 

al., 1984; Sherwin and Gelfand, 1984; Dierschke, 1985). Indeed, ovariectomy in young 

monkeys (and women) is commonly referred to as a "surgical menopause" (Phillips and 

Sherwin, 1992). 

Treatment of young ovariectomized monkeys with either conjugated estrogen or 

estrogen plus medroxyprogesterone caused a mariced decrease in the nimiber of 

infundibular neiirons expressing NKB gene transcripts. The extent of suppression of 

NKB neurons was dramatic; no NKB neurons were detected in the infundibular nucleus 
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of any of the animals receiving HRT. hi contrast, in the ovariectoinized, non-treated 

group, neurons containing NKB mRNA were observed in every animal. These data 

provide strong evidence that the increased NKB gene expression detected in the 

infundibular nucleus of postmenopausal women is secondary to ovarian failure and the 

loss of ovarian estrogen secretion. 

Our findings are consistent with studies showing that continuous estrogen 

treatment results in decreased numbers of NKB-immunoreactive neurons in the rat 

arcuate nucleus, the homologue of the primate infundibular nucleus (Akesson et al., 

1991). Conversely, gonadectomy of both male and female rats increases the number of 

arcuate neurons expressing NKB gene transcripts (Ranee and Bruce, 1994; Danzer et al., 

1999). Tachykinin-iitmiunoreactive neurons in the rat arcuate nucleus contain androgen 

(Ciofi et al., 1994) and estrogen receptors (Akesson and Micevych, 1988; Akesson et al., 

1991), and NKB mRNA-containing neurons in the himian infimdibular nucleus express 

estrogen receptor gene transcripts (Ranee and Young, 1991). These data indicate that the 

inhibitory actions of gonadal steroids on NKB gene expression could be mediated via 

intranuclear estrogen receptors. It is not known whether the effect of estrogen on NKB 

gene expression is secondary to repression of gene transcription or decreased NKB 

mRNA stability. In the anterior pituitary gland, however, estradiol inhibits ovine FSH-

beta mRNA synthesis by direct transcriptional repression (Miller and Miller, 1996). 
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Because previous studies have shown that levels of mRNA correlate with changes 

in neuronal activity (Comb et al., 1987; Young and Zoeller, 1987; Blimi et al., 1987; Uhl 

and Nishimori, 1990; Petersen et al., 1991), the present study suggests that estrogen 

decreases the activity of infundibular NKB neurons in ovariectomized monkeys. 

Electrophysiological studies have also provided evidence that activity of inilmdibular 

neurons is inhibited by estradiol in ovariectomized monkeys. In particular, the rhythmic 

bursts of multiunit activity that are associated with the pulsatile release of LH (the 

"GnRH pulse generator") are dramatically suppressed by estrogen treatment (Kesner et 

al., 1987; CByme et al., 1993; Ordog and Knobil, 1995). The neuropeptide/and or 

neurotransmitter phenotype of the pulse generator cells is presently unknown. There is 

considerable overlap, however, between the location of NKB neurons and the GnRH 

pulse generator in the monkey infundibular nucleus (Silverman et al., 1986). These 

considerations, combined with the inhibitory effects of estrogen on both pulse generator 

activity and the cellular levels of NKB mRNA, raise the possibility that infundibular 

NKB neurons could contribute to the multiunit activity that is associated with GnRH 

pulses in the primate hypothalamus. 

In contrast to the dramatic suppressive effect of HRT on the NKB system of 

neurons, no changes were detected in the POMC neurons in either the infundibular 

nucleus or retrochiasmatic area. These findings are in agreement with a previous study 

on the effects of castration and testosterone replacement on POMC gene expression in the 

infundibular nucleus of male macaques (Adams et al., 1991). In that study, hormone 
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replacement of castrated animals did not produce significant changes in the number of 

autoradiographic grains per neuron at three comparable levels of the medial basal 

hypothalamus. Testosterone replacement did produce a significant increase in POMC 

autoradiogr^hic grains in the rostral monkey hypothalamus superior to optic chiasm 

(Adams et al., 1991). This level, however, was not examined in the present study. 

Although we cannot exclude the possibility that different replacement or sampling 

regimens might have produced detectable changes in POMC neurons, clearly the present 

paradigm was very effective in demonstrating estrogen modulation of NKB gene 

expression. The failure of HRT to induce a change in POMC gene expression in the 

infimdibular nucleus in young, ovariectomized monkeys suggests that factors other than 

ovarian steroid withdrawal, such as aging, may be responsible for the decline in POMC 

gene expression in postmenopausal women. 

The morphology of POMC neurons in the monkey hypothalamus was regionally 

heterogeneous, with the neurons in the retrochiasmatic region appearing larger and more 

elongated than those in the infimdibular nucleus. Because these observations were made 

solely from coronal sections, it is possible that the regional differences in form factor and 

cell size reflect differences in cell orientation. In our previous human studies, however, 

similar observations were made using both sagittal and coronal sections (Sukhov et al., 

1995; Abel and Ranee, 1999). Corresponding shape and size differences of POMC 

neurons have not been reported in the rodent, but regional heterogeneity has been 

described in the regulation of POMC gene expression (Chowen-Breed et al., 1989; Tong 



82 

et al., 1990; Cheung and Hanuner, Jr., 1995). In addition, there are differences in POMC 

axonal projections depending on the rostral-caudal location of the cell body within the 

medial basal hypothalamus of the rat (Yoshida and Taniguchi, 1988; Cheung and 

Hammer, Jr., 1995). These findings suggest that subpopulations of POMC neurons may 

be organized topographically in the hypothalamus and could provide an explanation for 

the diverse set of functions attributed to this netut)peptide system. 

We found no evidence that continuous estrogen replacement produced 

hypothalamic toxicity in primates. The toxic effect of estradiol on the reproductive axis 

has been demonstrated by a variety of methods, including implantation of silastic 

capsules (Brawer et al., 1983; Mobbs et al., 1984), oral administration (Kohama et al., 

1989), and injections of estradiol valerate (Brawer et al., 1978; Brawer et al., 1980). The 

most thoroughly characterized model of estrogen toxicity has been the estradiol-valerate 

treated rat. In these rats, a progressive arcuate lesion develops which is characterized by 

increased microglial and astrocytic markers (Brawer et al., 1978; Brawer et al., 1980), 

degeneration of axons and dendrites (Brawer et al., 1978) and reduction in the nimiber of 

6-endorphin immunoreactive neurons (Desjardins et al., 1993). In addition, the 

remaining B-endorphin-immunoreactive neurons exhibited morphological features of 

degeneration, including a significant reduction in the form factor index (Desjardins et al., 

1993). 
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In the present study, we evaluated two sensitive and specific indicators of 

estrogen toxicity based on the rodent model; POMC neurons and microglial cells. No 

change was detected in the number of infimdibular neurons expressing POMC gene 

transcripts in monkeys receiving either estrogen or estrogen plus progesterone. No 

differences between treated and untreated groups were observed in the size or 

autoradiographic grain density of POMC neiirons. In addition, no changes were detected 

in the sluqie (form factor index) of POMC neurons in the hormone-replaced animals. 

Finally, there were no alterations in the numbers of microglial cells in the infimdibular 

nucleus of ovariectomized monkeys with or without HRT, and no evidence of activated 

microglia in these animals. Thus, we found no evidence for a neuropathological effect of 

siistained, unopposed estrogen in the primate hypothalamus. 

In summary, the present data suggest that different mechanisms mediate two of 

the major changes observed in hypothalamus of postmenopausal women. Clearly, NKB 

gene expression in the primate hypothalamus is exquisitely sensitive to alterations in 

circulating estrogen. These data strongly support the hypothesis that increased NKB 

gene expression in postmenopausal women is due to estrogen withdrawal. In contrast to 

the dramatic changes in the NKB system, there were no effects of hormone replacement 

on several parameters of POMC neurons in the infundibular nucleus. Thus, the decrease 

in POMC neurons in postmenopausal women may be due to factors other than ovarian 

hormone withdrawal such as hypothalamic aging. Although loss of POMC neurons and 

reactive microglial changes have been linked to estrogen exposure in the rat, we found no 
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evidence for estrogen-toxicity in primates treated with continuous replacement therapy. 

These findings are of particular importance given the millions of women currently 

receiving HRT and the increasing popularity of the continuous replacement regimens. 
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Figure 3.1; Photomicrograph of neurons labeled with the NKB probe in the iniundibular 

nucleus of an ovariectomized, untreated cynomolgus monkey. The grains mark the 

location of NKB mKNA and the section has been counterstained with toluidine blue. 

Bar= 10 jmi. 
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Figure 3.2: Darkfield photomicrographs of the infundibular nucleus of representative 

ovariectomized monkeys either untreated (A and C) or receiving hormone replacement 

therapy (B and D). Sections have been hybridized to radiolabeled oligonucleotide probes 

complementary to NKB (A and B) or POMC (C and D) mRNAs. The clusters of silver 

grains show the location of labeled neurons. Administration of HRT to ovariectomized, 

cynomolgus monkeys resulted in complete suppression of NKB gene expression whereas 

POMC gene expression was unaffected. Bar = 200 (xm. 
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Figure 3.3: Photomicrographs of neurons containing POMC mRNA in the 

retrochiasmatic region and anterior and posterior divisions of the infundibular nucleus. 

POMC neuronal profiles in the retrochiasmatic region were larger and more oval than the 

neurons in the inflmdibular nucleus. 

Bar= 10 |im. 
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Figure 3.4: Photomicrograph of microglial cells stained for a-napthyl butyrate esterase in 

the gray matter of a cynomolgus monkey. Bar = 30 ^mi. 
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Chapter Four 

NEURONAL HYPERTROPHY OCCURS IN THE HYPOTHALAMUS OF 

POSTMENOPAUSAL WOMEN IN THE ABSENCE OF NEURON LOSS: AN 

UNBIASED STEREOLOGICAL STUDY OF THE HUMAN INFUNDIBULAR 

NUCLEUS 

Abstract 

Human menopause is associated with dramatic changes in neuronal morphology 

and neuropeptide gene expression in the hypothalamic infimdibular (arcuate) nucleus, the 

control center for reproduction in the primate. There is hypertrophy of neurons 

expressing substance P and neurokinin B gene transcripts as well as increased tachykinin 

gene expression. In addition, gonadotropin releasing-hormone gene expression is 

increased in the medial basal hypothalamus of postmenopausal women. We have 

hypothesized that these changes reflect compensatory responses to the loss of ovarian 

steroid hormones rather than non-specific changes secondary to aging. Degenerative 

changes, including neuron loss, have been reported in the arcuate nucleus of aging 

rodents, however, and hypothalamic aging has been shown to contribute to reproductive 

decline in these species. In addition, in the infundibular nucleus of postmenopausal 

women, there is an age-associated decline in proopiomelanocortin gene expression. To 

evaluate the possibility of neuron loss associated with reproductive aging in women. 



94 

unbiased stereological methods were used to compare the total number of infundibular 

neurons between groups of premenopausal and postmenopausal women. The optical 

fractionator was used to estimate total neuron nimiber and the rotator technique used to 

estimate neuronal somatic volume. The mean volume of neiuDnal somata, based on 

systematic random sampling of the entire nucleus, was increased by 40% in 

postmenopausal women (premenopausal: 1,860 + 180 |im^; postmenopausal: 2,610 + 230 

mean + SEM, p < 0.05). In contrast, mean estimated total neuron number for the 

premenopausal (520,000 ± 42,000) women was not significantly different from the 

postmenopausal group (505,000 + 51,000; mean + SEM, p > 0.05). Therefore, neuronal 

hypertrophy in the infundibular nucleus of postmenopausal women occius without 

extensive neuronal loss. These data suggest that the neuronal hypertrophy observed in 

the postmenopausal human hypothalamus is not a pathological process secondary to 

degeneration of adjacent inflmdibular neurons. 

Introdaction 

The hypothalamus plays a critical role in many functions that decline with age. 

Common features of aging in humans and many other animals, for example, are 

disruptions in circadian rhythms and homeostatic mechanisms, as well alterations in 

metabolic, sexual and immune functions. Owing to fimctional feedback circuits that link 

the hypothalamus and peripheral endocrine glands, the relative importance of CNS aging 

and glandular aging to neuroendocrine decline has been difficult to assess. Identifying 
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possible causal roles for hypothalamic aging in these events and distinguishing them from 

the secondary effects of somatic aging are fundamental goals of neuroendocrine aging 

research. 

The loss of menstrual cyclicity in midlife provides the most consistent age-

associated alteration in endocrine status in the human. Because reproductive cyclicity 

ceases relatively early, the average woman spends approximately one third of her life in 

the postmenopausal phase. This phase is characterized by loss of ovarian steroid 

secretion to castrate levels and secondary hypersecretion of gonadotropins by the anterior 

pituitary gland. The rise in plasma gonadotropins in postmenopausal women is similar in 

magnitude to that seen after ovariectomy of young women. Therefore, the gonadotropin 

hypersecretion of menopause is believed to be secondary to ovarian failure. 

Previous wodc in our laboratory has revealed that menopause is accompanied by 

dramatic changes in hypothalamic morphology and neuropeptide gene expression. Many 

of these changes do not appear to be degenerative in nature. On the contrary, some 

alterations that have been observed in the hypothalamus of postmenopausal women 

appear to reflect increased neuronal activity. For example, in postmenopausal women, 

the mean neuronal profile area of infundibular neurons is increased by 30% compared to 

premenopausal women (Ranee et al., 1990). Postmenopausal neuronal hypertrophy and 

increased gene expression occur in a subset of infimdibular neurons that express estrogen 

receptor and tachyldmn (substance P and neurokinin B), gene transcripts (Ranee and 
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Young, 1991). Gonadotropin-releasing hormone (GnRH) gene expression is also 

increased in neurons of the medial basal hypothalamus (Ranee and Uswandi, 1996). We 

have hypothesized that these changes result from the ovarian steroid withdrawal of 

menopause, a hypothesis that has now received considerable experimental support. 

These findings, however, do not rule out the possibility that aging changes in other 

neuropeptide systems might co-oust with changes due to ovarian steroid withdrawal. 

Recently, for example, we reported a 60% decline in the number of neurons 

expressing proopiomelanocortin (POMC) mRNA in the infundibular nucleus of 

postmenopausal compared to premenopausal women (Abel and Ranee, 1999). POMC is 

the precursor peptide for ^-endorphin and other neuropeptides with important 

neuroendocrine, homeostatic and immune functions. It has not been established whether 

the decreased POMC gene expression in the postmenopausal human hypothalamus is 

secondary to hypothalamic aging or ovarian failure. There was a strong negative 

correlation between the number of POMC neurons and the subject age, however, 

suggesting that age may be the most important factor. Furthermore, in the 

ovariectomized cynomolgus monkey (a primate model of menopause), POMC gene 

expression is not altered by hormone replacement therapy (Abel et al., 1999). Taken 

together, these data argue against ovarian steroid withdrawal as a major determinant of 

decreased POMC gene expression in postmenopausal women, and raise the possibility of 

senescent changes in the human inflmdibular nucleus. 
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The present study was designed to determine if human menopause is associated 

with neuronal degeneration in the infimdibular nucleus. Unbiased stereological 

techniques were used to compare the volume and the total number of neurons in the 

infundibular nucleus of pre- and postmenopausal women. In addition, a stereological 

sampling strategy was used to estimate the size of neurons in the human infundibular 

nucleus. If postmenopausal neuronal hypertrophy is associated with significant neuronal 

degeneration, these data would suggest that the hypertrophy might occur as compensatory 

response to neuron death. 

Materials and Methods 

Subjects 

Hypothalami were collected at autopsy fi'om 5 premenopausal and 5 

postmenopausal women who died of sudden unexpected causes (Table 2). Specimens 

were collected in accordance with guidelines set forth in Federal Register 46 and at the 

University of Arizona. Subjects with a history of extended illness or hospitalization, 

endocrine disorders, neurological disease or dmg abuse were excluded. There was no 

history of estrogen replacement therapy in the postmenopausal group. Subjects ranged in 

age fix>m 15 to 89 years (premenopausal group; 21+ 7.4, postmenopausal group; 72.8 + 

6.4, mean + SD. The postmortem intervals were not significantly different between the 

two groups (premenopausal; 17.8 ± 1.7; postmenopausal; 18.0 ±2.1, mean + SEM). The 

endometrium and ovaries fix>m each subject were fixed in 10% neutral buffered formalin. 
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paraffin-embedded, sectioned at 12 ^m thickness, and stained with hematoxylin and 

eosin. Histological examination revealed the premenopausal endometria to be at various 

stages of the menstrual cycle and the postmenopausal endometria to be atrophic. Due to 

sectioning artifact, one subject in the postmenopausal group was excluded. 
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Table 2. Clinical information for premenopausal (PRE) 
and postmenopausal (POST) subjects 

Age (yr) Cause of Death Postmortem 
Interval (h) 

PRE 
15 Trauma 21 
15 Trauma 21 
17 Acute Asthma 16 
28 Trauma 12 
30 Trauma 19 

POST 
58 Trauma 24 
62* Myocardial Infarction 24 
70 Myocardial Infarction 17 
74 Trauma 17 
89 Lung Hemorrhage 14 

*This subject was excluded due to sectioning artifact in the 
infundibular nucleus 
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Histology 

After removal, brains were fixed by immersion in 10% neutral bu£fered formalin. 

After two weeks fixation, a mid-sagittal cut was made and one hemi-hypothalamic block 

prepared for each subject. The hypothalamus was dissected using vertical cuts anterior to 

the optic chiasm and posterior to the mammillary bodies that were parallel to the lamina 

terminalis. Horizontally, a cut was made superior to the anterior commissure and a 

parasagittal cut was made 1 cm fix>m the third ventricle. The blocks were cryoprotected 

in 30% sucrose, frozen on dry ice, and coronally sectioned (80 fim thickness) on a sliding 

microtome. Sections were mounted on gelatinized slides and stained with cresyl violet. 

Data CoUectioii 

Data were collected using an image-combining computer microscope equipped 

with a motorized stage and Stereo Investigator software (Microbrightfield, Baltimore, 

MD). Measurements of section and counting brick thickness were made using a 

Heidenhain transducer (Traunreut, Germany) attached to the microscope stage. All slides 

were coded to prevent experimenter bias. 

The total number of infundibular neurons was estimated in each subject using the 

optical firactionator method (West, 1993), which combines systematic random sampling 

(the fractionator) with a three-dimensional probe for counting neurons (the optical 

disector). Following the exhaustive sectioning of the nucleus, the series of sections was 
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subdivided into approximately 10 consecutive subseries, each containing approximately 4 

sections. A section (n) was chosen at random from the first subseries. Thereafter, every 

n"* section was analyzed, yielding approximately 10 sections per subject and a section 

sampling fraction (ssf) of 0.25. A computer generated sampling grid (780 x 410 ^m), 

was randomly superimposed on the image of the infimdibular nucleus as seen through the 

microscope. At the points of intersection in the grid that fell within the boundaries of the 

nucleus, an unbiased counting frame (35 x 35 was superimposed. The area of the 

counting frame divided by the area of the rectangle in the sampling grid gives the area 

sampling fraction (asf = 0.0038). Using a Nikon planapochromatic 60X objective (NA: 

1.4), neiux)nal nuclei (Q") emerging into focus through a known height (h = 7 jmi) near 

the middle of the thickness (t) of the tissue were counted. The total number of neurons 

(N) were estimated as follows: N =2 Q' x t/h x 1/asf x 1/ssf (West, 1993). These 

methods have been shown to yield unbiased estimates of total neuron number that are 

independent of tissue shrinkage (West, 1993). 

The somatic volumes of neurons that were sampled using the optical fractionator 

were estimated using the rotator technique (Mayhew and Gundersen, 1996). A lattice of 

horizontal, parallel test lines, separated by 5 ^m (t), was superimposed over the neuron. 

The nucleolus was used as the internal reference point, though which a vertical axis was 

generated. Points of intersection between the test lines and the neuron boundary were 

marked, and the distance (d) from the boundary to the vertical axis was measured on each 
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side of the test line and squared. The mean squared lengths fi:om the vertical axis to the 

cell boundary was calculated for each test line and summed across all test lines. This 

sum is multiplied by Ttt to provide an unbiased estimate of neuron volimie. 

The perimeter of the inflmdibular nucleus was digitized in each section using a 

Nikon 2X planapochromatic objective. The profile area of the inflmdibular nucleus was 

calculated firom these digitized perimeters. The volume of the infundibular nucleus was 

estimated using a modification of the Cavalieri method (volume = mean section area x 80 

|im section thickness x the total number of sections). 

Evaluation of the sampting scheme 

The estimation of total neuron number in a subject involves sampling a subset of 

sections and a fraction of the area within sections. Increased sampling (i.e., sampling 

more of the sections and/or more of the area within a section) increases the "precision" of 

the estimate and reduces the contribution of this source of error to the total variation 

within groups. The coefficient of error (CE) is a measure of the relative variability 

associated with systematic random sampling within individual subjects. With the optical 

firactionator, sufficiently precise estimates of total neuron number can often be made by 

sampling as few as 10 neurons per section in 10 sections, which usually yields CEs of 

0.10 or less (West, 1993). The squared CE (CE^) measures the relative variance 

associated with stereological sampling. 
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The total relative variance within groups can be expressed as the standard 

deviation (SD) divided by the mean, quantity squared [(SD/mean)^], also known as the 

coe£5cient of variation squared (CV^). The CV^ is the sum of the variance due to actual 

biological differences between individuals and the variance due to systematic random 

sampling within individual subjects (CE^) (West, 1993). This relationship allows the 

error due to the sampling scheme to be evaluated relative to the actual differences among 

individuals in a group. If the error due to sampling within individuals contributes more to 

the total relative variance within groups than the actual biological differences among 

individuals, then the most efScient way to reduce this variance (and increase the 

probability of demonstrating differences between groups) is to increase the amount of 

stereological sampling within subjects. Conversely, if the main contribution to the total 

relative variance within groups in the actual biological differences among individuals, the 

most efficient way to decrease the within group variance is to increase the number of 

individuals in a group. A sampling strategy is considered adequate when the relative 

variance due to sampling within subjects is less than half of the total relative variance 

within groups (West, 1993). 

In the present study, comparison of the relative variances due to stereological 

sampling versus the total relative variance within groups revealed that the majority of the 

variance was due to differences among individuals. The total relative variance (CV^) in 

premenopausal women (0.03) and in postmenopausal women (0.04) was similar to 

previous reports of the variability in neuron numbers in other areas of the human brain 



104 

(West, 1993). Sampling of approximately 250 neurons in each subject resulted in a mean 

CE^ of O.OOS in both premenopausal and postmenopausal groups. Thus, the error 

associated with stereological sampling within subjects contributed only about 0.005/0.03 

or 17% and 0.005/0.04 or 13% to the total variance within the premenopausal and 

postmenopausal groups, respectively. These data indicate that the stereological sampling 

scheme yielded estimates of total neuron niunber that were sufBciently precise, and that 

additional sampling within individual subjects is not warranted. 

Statistics 

The total number of neurons and mean neuronal volumes were estimated for each 

subject and these values were used to compute group means. The coefficient of error was 

calculated for each subject using the quadratic approximation method (West, 1993). 

Differences between pre- and postmenopausal group means were evaluated with 

Student's t-test. In addition, Pearson product-moment correlation coefficients were 

calculated for total neuron number and age to assess the degree of linear relationship 

between these variables. 
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Results 

The iniimdibular nucleus was identified as a cell-dense zone at the base of the 

hypothalamus. For the purpose of the present study, the rostral border of the iniiindibular 

nucleus was identified by the section in which the nucleus assumes its characteristic 

arcuate shape (Figure 4.1 A3)- At this level, the nucleus is bounded medially by the 

ependymal surface of the third ventricle and dorsolaterally by a cell-sparse zone 

separating the infimdibular nucleus fiom the ventromedial nucleus. There is also a cell-

sparse zone between the infundibular nucleus and the pial surface at the base of the brain. 

In rostral sections, the infimdibular stalk abuts the medial-ventral boundary of the 

infimdibular nucleus. 

The separation from the ventromedial nucleus and the distinct arcuate shape is 

continued throughout the rostral half of the infimdibular nucleus (Figs. 4.1 A-D). 

Caudally, the lateral boundary of the infimdibular nucleus becomes more rounded and it 

becomes a continuous stmcture connecting the two halves of the hypothalamus below the 

third ventricle (4.2A-D). At these levels, the medial boundary of the infimdibular nucleus 

was drawn parallel to the ependymal lining of the third ventricle. In the most caudal 

sections, the infimdibular nucleus is displaced medially and ventrally by the emergence 

of the premammillary nucleus (4.2C, D). It is then reduced to a small but dense 

collection of cells located between the floor of the third ventricle and the pial smface. 
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Results from the stereological analysis of the human infimdibular nucleus are 

illustrated in Figure 4.2. There was a significant enlargement of neurons in the 

infundibular nucleus of postmenopausal women. Overall, the mean neuronal volume 

increased 40% from 1,860 ± 180 ^m^ in the premenopausal group to 2,610 + 230 jim^ in 

the postmenopausal group (mean + SEM, p < 0.05, Fig. 4.3). Comparisons of frequency 

histograms (Fig. 4.4) revealed that approximately 15 % of neurons in the premenopausal 

women measured above 3000 ^m^ compared to 30 % in the postmenopausal group. In 

contrast, 55 % of neurons in the premenopausal women measured under 1500 (im^, 

compared to approximately 35% in the postmenopausal group. The mean volume of the 

infimdibular nucleus in premenopausal women (10.8 + 0.50 mm^) was not significantly 

different from the mean volume of the infundibular nucleus in postmenopausal women 

(12.6 +1.1 mm^). 

The estimated total number of neurons in the infundibular nucleus in the 

premenopausal group was 520,000 ± 42,000 (mean ± SEM). No significant difference 

was detected between the premenopausal and postmenopausal (505,000 + 51,000 

neurons) women. In addition, there was no correlation between the total neuron number 

and age across all subjects (r = 0.002, p = 0.99). 

Post hoc power analysis of the present data reveals that, with power set at a level 

of 0.67 and using a one-tailed t-test with alpha equal to 0.05, a 27% difference between 

the means could be detected. This means that, assuming an actual decrease by 
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^)proximately 140,000 in the mean number of neurons in the postmenopausal group, a 

statistically significant difference would be detected two out of three times in multiple 

experiments. The relatively large effects (or the relative large n's) required to detect 

differences between groups in human studies is a result of the naturally occurring, 

relatively high variability among individuals (West, 1993). 

Discassion 

The present study represents the first unbiased stereological sxirvey of the 

infimdibular nucleus in premenopausal and postmenopausal women. A 40% increase in 

the mean neuronal cell volume was detected in the infimdibular nucleus of 

postmenopausal women. These findings confirm the previous observations of 

postmenopausal neuronal hypertrophy (Sheehan and Kovacs, 1966; Ranee et al., 1990; 

Ranee and Young, 1991) and show that this phenomena is not associated with a 

significant reduction in the number of neurons in the infimdibular nucleus. 

Postmenopausal neuronal hypertrophy was first reported by Sheehan and Kovacs, 

using semi-quantitative methods (Sheehan and Kov^s, 1966). Because the neuronal 

hypertrophy was most prominent below the third ventricle, this region was termed the 

subventricular nucleus. Other reports of neuronal hypertrophy followed, including an 

observation that neuronal hypertrophy occurred in the infimdibular nucleus of older men 

experiencing gonadal failure (Ule et al., 1983). Using quantitative computer microscopy. 
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we reported that the mean neuronal profile area of Nissl-stained neurons was increased 

by 30% in postmenopausal women (Ranee et al., 1990). These results were based on 

measurements of all neuronal profiles in a standardized location in a single sagittal 

section of the infimdibular nucleus. The present results extend these findings to coronal 

sections throughout the entire rostral-caudal extent of the infimdibular nucleus using 

unbiased stereological techniques to sample neurons and estimate their volumes. 

Although controversial in humans, decades of aging research in rodents suggest a 

causal link between hypothalamic aging and reproductive decline (Finch et al., 1984; 

Wise et al., 1994a; Wise et al., 1996). Indeed, reproductive aging in female rodents has 

been proposed as a model for hypothalamic aging in general (Wise et al., 1997). 

Furthennore, in a manner strikingly analogous to stress-aging theories, which postulate 

deleterious effects of adrenal glucocorticoids on neurons of the hippocampus, one model 

of reproductive aging asserts that estrogen is toxic to hypothalamic neurons that are 

involved in reproductive regulation (Desjardins et al., 1995). This hypothesis maintains 

that reproductive decline involves estrogen-mediated neuron loss, and that reproductive 

aging, therefore, represents a neuropathological process. In support of this hypothesis, 

there are several reports of neuron loss in arcuate nucleus of female rodents (Hsu and 

Peng, 1978; Miller et al., 1991; Yang et al., 1993), although one recent study has failed to 

confirm these findings (Leal et al., 1998). The estrogen toxicity hypothesis of 

reproductive aging in rodents has received considerable experimental support (Mobbs 

and Finch, 1992). 
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While intriguing, the rodent as a model for himian reproductive aging has yet to 

be validated. Indeed, although much has been learned about human reproductive 

regulatory processes by studying rodents, these studies have also revealed clear 

anatomical and physiological differences between the species. Because rodent 

reproductive senescence is so often used as a model for human reproductive aging, it is 

imperative to understand whether these differences extend to the mechanisms of 

reproductive aging. 

In the present study, no significant difference was detected between pre- and 

postmenopausal women in the total number of neurons in the infundibular nucleus. In 

addition, there was no correlation between subject age and the total number of 

infundibular neurons. These findings are consistent with a previous report that 

significant neuronal loss also does not occur in the infundibular nucleus of aging men 

(Ranee et al., 1993). In contrast, studies in the aging female rat have identified as much 

as a 50% decline in the number of arcuate neurons (Yang et al., 1993). 

The present data support the conclusion that extensive neuron loss does not occur 

with reproductive aging in the infundibular nucleus of women. Thus, neuronal 

hypertrophy is not likely to represent a compensatory response to the death of adjacent 

neurons. These findings also assist in the interpretation of the recent study in which we 

reported a dramatic reduction in the number of neiurons expressing POMC gene 

transcripts in the infundibular nucleus of postmenopausal women (Abel and Ranee, 
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1999). Decreased numbers of POMC mRNA-expressing neurons in postmenopausal 

women could reflect decreased cellular abundance of the mRNA, rendering these cells 

below the threshold for detection. Alternatively, a reduction in the number of POMC 

mRNA-containing neurons could result from cell death. The present results argue against 

neuronal death as a primary cause of the decline in the numbers detectable POMC 

mRNA-expressing neurons in postmenopausal women. 

The absence of substantial neuron loss in the infimdibular nucleus of older women 

is consistent with prevailing ideas concerning the effects of aging on the human brain 

(Morrison and Hof, 1997). Methodological advances in the last decade, including the 

emergence of unbiased stereological techniques, are credited with refuting the widely 

held belief that normal aging involves extensive neuron loss. Indeed, it now appears that 

if neuron loss does occur with aging, such losses are relatively minor. Pakkenberg and 

colleagues recently reported, for example, a 10% loss with age in the number of 

neocortical neurons in humans (Pakkenberg and Gundersen, 1997). The functional 

significance of these losses is not clear. 

In conclusion, postmenopausal neuronal hypertrophy is not accompanied by 

extensive neuron loss in the human infundibular nucleus, suggesting that the enlargement 

of neurons is not a compensatory response to neuronal degeneration. In addition, these 

data do not support estrogen toxicity as a mechanism of reproductive aging in humans. 

Although the cause of the decline in the number of POMC mRNA-containing neurons in 
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the iniimdibular nucleus of older women is still not clear, it appears to be related to a 

decrease in the levels of POMC gene transcripts (to levels below the threshold for 

detection), rather than neuron death. These studies show that anatomical investigations 

of the human hypothalamus may lead to a greater understanding of the interactions 

among gonadal steroids, the CNS, and normal aging processes. 



112 

Figure 4.1. (A and Q Photomicrographs of coronal sections fix)m a Nissl-stained 

hypothalamus of a young female. (B and D) Computer-assisted tracings of the sections 

on left. The boundary of the infimdibular nucleus is outlined. The sections are numbered 

in successive rostral-to-caudal intervals, with the section number at the bottom of each 

tracing. Fig.lA shows the rostral section used in the stereological analysis. 

Abbreviations: fe, fornix; INF, infundibular nucleus; is, inftmdibular stalk; ot, optic tract; 

PVN, paraventricular nucleus; SO, supraoptic nucleus; VMN, ventromedial nucleus; 3V, 

third ventricle; DMN; dorsomedial nucleus 
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Figure 4.2. (A and C) Photomicrogr^hs of coronal sections from a Nissl-stained 

hypothalamus of a young female. (B and D) Computer-assisted tracings of the sections 

on left. The boundary of the infundibular nucleus is outlined. The sections are numbered 

in successive rostral-to-caudal intervals with the section number at the bottom of each 

tracing. Fig. 2C shows the caudal section used in the stereoiogical analysis. 

Abbreviations: fic, fornix; ic, internal c£^sule; INF, infundibular nucleus; ot, optic tract; 

PVN, paraventricular nucleus; LTN, lateral tuberal nuclei; TMN, tuberomammillary 

nucleus; 3V, third ventricle 
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Figure 4.3. Number of neurons (top) and neuronal volume (bottom) in the infundibular 

nucleus of premenopausal and postmenopausal women. * Significantly different fix)m 

postmenopausal group (p < 0.05). 



f 
c 

i 

3000 

2500 

2000 

1500 

1000 

500 

0 

• 

•-:. -"r-- • 

V — .  

Premenopausal Postmenopausal 



118 

Figure 4.4. Histograms showing the percentage of Nissl-stained neurons in the 

infundibular nucleus as a function of neuron volume. Each bar represents somatic 

volumes spanning 750 um^ intervals with the number on the X axis indicating the upper 

limit of the adjacent size category. 
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Chapter Five 

SUMMARY AND DISCUSSION 

The present studies have important implications for several broad areas of 

investigation, including reproductive regulation, reproductive aging and menopause. 

Several themes from these areas of study were raised in the introduction, hi this section, 

these topics are briefly reviewed, emphasizing the contributions of the present woric. 

Reproductive Regulation 

With modem molecular techniques, it is possible to delete genes in laboratory 

animals, rendering the organism devoid of a particular gene product. Observations of a 

system's function in the absence of a particular gene product provide information about 

the role of that product in normal physiology. There is, however, a caveat associated 

with these "molecular lesion" studies. If the organism has been devoid of the product 

during development, altered physiological processes in the adult animal may be indirect 

consequences of abnormalities caused by the absence of the molecule during 

embryogenesis and later development. These potential confounds have been overcome 

by techniques which allow genes to be expressed during development and then 

"deactivated" by the experimenter when the animal reaches maturity (Cohen-Tannoudji 

andBabinet, 1998) 
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In many ways, postmenopausal women may be likened to a human "estrogen 

knockout". Follicular depletion results in castrate levels of ovarian steroids in mature, 

healthy women. Elevated gonadotropin levels are a clinical marker of menopause, and 

evidence suggests that gonadotropin hypersecretion results from the loss of estrogen 

negative feedback effects on hypothalamic GnRH secretion (Ranee and Uswandi, 1996). 

The mechanisms of estrogen negative feedback on the hypothalamus, however, are not 

well understood. GnRH neurons do not possess classical estrogen receptors (Shivers et 

al., 1983); therefore, the inhibitory influence of estrogen on hypothalamic GnRH 

secretion is presumably mediated through other neuropeptide or neurotransmitter systems 

that are direct targets of estrogen action. As "estrogen knockouts", examination of 

reproductive regulatory centers in postmenopausal women may reveal insights into the 

role of the brain in normal reproductive regulation 

We have concentrated attention on the medial basal hypothalamus, a structure 

with an established role in reproductive regulation (Knobil, 1990). Our focus on 

particular hypothalamic neuropeptide systems stems from both empirical observations 

and theoretical considerations. In situ hybridization and computer microscopic 

techniques were used to examine and compare hypothalamic gene expression and 

neuronal morphology between premenopausal and postmenopausal women. The present 

work focuses on two hypothalamic neuropeptide systems that undergo dramatic 

alterations in postmenopausal women. Evidence is presented that some alterations in 

gene expression and neuronal morphology are primarily effects of ovarian steroid 
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withdrawal. Other changes may reflect hypothalamic aging, or an interaction between 

aging and gonadal steroids. A primate model of menopause is used to provide 

information about the relative contributions of aging and gonadal steroid withdrawal to 

alterations in the hypothalamus of postmenopausal women. 

Tachykinin nearons 

Our interest in tachykinin neurons stems from a remarkable change in 

morphology and gene expression in these neurons in postmenopausal women. NKB and 

SP neurons in the inflmdibular nucleus undergo a dramatic hypertrophy that is associated 

with the ovarian failure of menopause (Ranee and Young, 1991). NKB and SP gene 

expression is also elevated in these neurons compared to premenopausal women. Other 

maricers of increased metabolic activity are also present, including abundant Nissl 

substance and enlarged nuclei and nucleoli. The increase in these neurobiological 

markers of activity in hypogonadal, postmenopausal women, as well as the location of 

these neurons in the region of the putative GnRH pulse generator, suggests that 

tachykinin neurons might play an important role in human reproductive regulatioiL In 

addition, tachykinin neurons in the human hypothalamus have been shown to express 

estrogen receptor, confirming that they are direct targets of estrogen action (Ranee and 

Yoimg, 1991). In Qiapter 3, NKB neurons were examined in a primate model of 

menopause. 



123 

Unlike rodents, female cynomolgus monkeys display menstrual cycles (Jewett 

and Dukelow, 1972). The patterns of gonadotropin and ovarian steroid secretion over the 

monkey menstrual cycle are nearly identical to humans (Williams and Hodgen, 1982). In 

addition, ovariectomy in young monkeys results in an endocrine profile (markedly 

reduced ovarian steroid levels with concomitant gonadotropin hypersecretion) (Monroe et 

al., 1972) that is characteristic of menopause. Furthermore, evidence suggests that 

castration in young monkeys is followed by thermoregulatory instability that shares many 

features of the postmenopausal flush syndrome (Jelinek et al., 1984; Dierschke, 1985). 

These considerations suggest that reproductive regulatory mechanisms in humans and 

cynomolgus monkeys share much in common. They also suggest that the 

ovariectomized, young monkey is an excellent model for separating the effects of 

gonadal steroid withdrawal fix>m the effects of age in the postmenopausal hypothalamus. 

In Chapter 3, three groups of young monkeys were ovariectomized and two 

experimental groups received long-term HRT. The doses of hormone were designed to 

mimic those prescribed to postmenopausal women. In situ hybridization was performed 

on hypothalamic sections using a radiolabeled, oligonucleotide probe complementary to 

NKB mRNA. Computer-assisted microscopy was used to count and measure profile 

areas in labeled neurons. Levels of gene expression were compared among 

ovariectomized monkeys that did not receive hormone replacement and those receiving 

estrogen alone or estrogen plus progesterone 
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Large, robust neiirons expressing NKB gene transcripts were identified in the 

infundibular nucleus of ovariectomized monkeys that did not receive exogenous 

hormone. Hormone replacement therapy, however, maricedly suppressed NKB gene 

expression. Indeed, in the matched hypothalamic sections that were analyzed, no neurons 

labeled with the NKB probe were visualized in monkeys receiving hormone replacement 

therapy. These results suggest that NKB gene expression in the hormone-treated groups 

suppressed NKB gene expression to levels below the detection limit of the probe. 

Estrogen treatment alone was sufBcient for this effect. In contrast, hormone replacement 

therapy had no detectable effects on the mean nimiber of neurons labeled with the POMC 

probe (see below). The addition of a progestin to the hormone replacement regimen did 

not appear to antagonize the suppression of NKB gene expression. 

Rodent data are in agreement with the present results. Tachykinin gene 

expression varies in the inflmdibular (arcuate) nucleus of the female rat over the estrous 

cycle (Ranee and Bruce, 1994), and castration in male and female rodents leads to a 

decrease in tachykinin gene expression (Ranee and Bruce, 1994; Danzer et al., 1999). 

Testosterone or estrogen replacement in the orchidectomized male rat reduces NKB gene 

expression to levels observed in intact animals (Danzer et al., 1999). Furthermore, 

tachykinin neurons make synaptic connections with GnRH neurons in the rat (Tsuruo et 

al., 1991), and have been shown to stimulate LH release in this species (Arisawa et al., 

1990). 
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Taken together, these results support the hypothesis that the increase in NKB gene 

expression in postmenopausal women is due to ovarian steroid withdrawal and implicate 

estrogen as a physiological modulator of NKB neurons. In addition, they suggest that 

NKB neurons participate in the regulation of the himian reproductive axis, perhaps in the 

estrogen negative feedback circuit. Although these data cannot exclude a possible 

contribution of aging to the alterations in postmenopausal NKB neurons, they clearly 

show the exquisite sensitivity of hypothalamic NKB gene expression to circulating 

estrogen levels in the primate. Fiulhennore, insofar as the primate model duplicates the 

hormonal conditions in women on hormone replacement therapy, these data suggest that 

NKB gene expression is likely to be reduced in postmenopausal women undergoing this 

treatment. 

POMC Nearons 

There is wide agreement that endogenous opioid peptides are important 

physiological regulators of the primate reproductive axis (Gindoff and Ferin, 1987). 

POMC is the precursor for P-endorphin, which is the most studied and perhaps the most 

important of the endogenous opioids for reproductive regulation. Studies in rodents, 

monkeys and humans strongly suggest that P-endorphin has an inhibitory influence on 

GnRH secretion. Furthermore, the data suggest that hypothalamic ^-endorphin activity is 

modulated by gonadal steroids (Wardlaw et al., 1982; Quigley and Yen, 1980; Shoupe et 

al., 1985). Thus, a decrease in P-endorphin activity in the hypogonadal milieu of 

menopause could contribute to the gonadotropin hypersecretion of menopause. This 
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hypothesis was tested by comparing hypothalamic POMC gene expression between 

premenopausal and postmenopausal women. The results are reported in Chapter 2. 

In sita. hybridization and computer-assisted microscopy were used to visualize, 

count and measure POMC neurons in the medial basal hypothalamus of premenopausal 

and postmenopausal women. The number of neurons expressing POMC mRNA was 

markedly reduced in postmenopausal hypothalami. Compared to premenopausal women, 

the nimiber of neurons expressing POMC gene transcripts was reduced by 65% in the 

infundibular nucleus of postmenopausal women. No change, however, was detected in 

the number of neurons labeled with the POMC probe in the retrochiasmatic area. POMC 

neurons in the retrochiasmatic area also differed from infundibular POMC neurons in 

mean profile area and mean form factor, an index of shape. There were no differences 

between premenopausal and postmenopausal women in the mean profile area or shape of 

POMC neurons. The results provide evidence for a regionally selective decline in POMC 

gene expression in the hypothalamus of postmenopausal women. 

Although consistent with the hypothesis of reduced P-endorphin activity in 

postmenopausal women, the significance of these changes and the underlying 

mechanisms are not clear. The data are in agreement with pharmacologicai studies ui 

postmenopausal women showing reduced LH responsiveness to naloxone, which is 

thought to result from a reduction in the tonic inhibitory influence of endoenous opioids 

on LH secretion. (Reid et al., 1983b). LH responsiveness to naloxone returns with 
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hormone replacement therapy (Casper and Alapin-Rubillovitz, 1985a; Dawood et al., 

1986; Melis et al., 1984). The data are also in agreement with monkey studies, in which 

the concentration of ^-endorphin in hypophyseal portal blood was reduced by castration, 

an effect that was reversed by hormone replacement (Wardlaw et al., 1982). The 

concentration of P-endorphin in hypophyseal portal blood is thought to reflect central |3-

endorphin activity. A decrease in the inhibitory influence of the P-endorphin system on 

GnRH activity, therefore, due to the gonadal steroid withdrawal, could contribute to 

elevated gonadotropin levels in menopause. Indeed, GnRH gene expression was elevated 

in the same subjects in whom POMC gene expression was reduced (Ranee and Uswandi, 

1996). 

However, in contrast to the tachykinin system, animal and human studies suggest 

that both gonadal steroids and aging have prominent effects on the POMC system. The 

LH response to naloxone is decreased in older premenopausal women compared to 

younger premenopausal women despite normal menstrual cycles and gonadal steroid 

levels in the older group (Coiro et al., 1997). In rodents, POMC gene expression and the 

number of P-endorphin inununoreactive neurons decline with age in both male and 

female rats (Nelson et al., 1988; Gruenewald and Matsimioto, 1991; Miller et al., 1991; 

Lloyd et al., 1991). The age-related decline in POMC gene expression and number of P-

endorphin immunoreactive neurons has been dissociated from changes due to the altered 

reproductive hormonal environment of senescence (Lloyd et al., 1991; Miller et al., 

1995). Finally, our data showed a strong correlation between the number of POMC 
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mRNA-expressing neurons in the infundibular nucleus and subject age when subjects 

were collapsed across groups. 

To further address the contributions of aging and ovarian hormones to the changes 

described in postmenopausal POMC gene expression, POMC gene expression was 

examined in the primate model. POMC neurons were visualized in hypothalamic 

sections using radiolabeled, oligonucleotide probes complementary to POMC mRNA. 

Findings in postmenopausal women had suggested a regionally selective decrease in gene 

expression limited to the more caudal population of POMC neurons located in the 

infimdibular nucleus. Therefore, in monkeys, POMC gene expression was evaluated at 

three rostral caudal levels corresponding to the retrochiasmatic area, and the anterior and 

posterior infimdibular nucleus. Neurons labeled with the POMC probe were counted and 

their profile areas were measured using computer-assisted microscopy. Cellular levels of 

POMC gene expression were also evaluated using microdensitometry. Measurements of 

POMC neurons confirmed findings in the human of regional morphological 

heterogeneity. However, hormone replacement therapy had no detectable effects on the 

number of neurons expressing POMC gene transcripts, the size or shape of POMC 

neurons, nor on the number of autoradiographic grains per cell in any of the regions of 

the hypothalamus that were examined. 

These findings do not support the hypothesis that POMC gene expression in the 

primate hypothalamus is modulated by gonadal steroids. To our knowledge, only one 
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other study of hypothalamic POMC gene expression in the monkey hypothalamus has 

been reported. Steiner and colleagues examined POMC gene expression in the castrated 

male macaque (Adams et al., 1991). Their findings agree with those from this study. At 

comparable levels of the hypothalamus, castration had no effect on POMC gene 

expression. A small decrease in POMC gene expression was observed in the castrated 

male monkey that was limited to the most anterior population of POMC neurons. This 

population of POMC neurons was not examined in the present woric. In rodents, 

castration has been shown to result in decreased hypothalamic POMC gene expression 

(Chowen-Breed et al., 1989; Wilcox and Roberts, 1985). 

Our findings concerning POMC gene expression in the primate model of 

menopause have several implications. First, they suggest that gonadal steroids may not 

be primary physiological regulators of POMC gene expression. This suggests that the 

effects of gonadal steroids on putative measures of endogenous opioid activity may be 

mediated by other mechanisms. Second, these data suggest that POMC gene expression 

is unlikely to be altered with hormone replacement therapy in postmenopausal women. 

Finally, these results fail to provide evidence that the decline in POMC gene expression 

in the infundibular nucleus of postmenopausal women is an effect of gonadal steroid 

withdrawal, highlighting the possibility of an age-related decline in this system. 

In conclusion, studies of hypothalamic neuropeptide gene expression in a primate 

model of menopause suggest that the alterations in NKB and POMC gene expression in 
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postmenopausal women may be mediated by different variables. Clearly, NKB gene 

expression in the primate hypothalamus is exquisitely sensitive to alterations in the 

reproductive hormonal milieu. These data provide strong support for the hypothesis that 

increased NKB gene expression occurs in the hypothalamus of postmenopausal women 

secondary to the estrogen withdrawal of menopause. Other variables, peiliaps aging, may 

be more important factors influencing POMC gene expression in postmenopausal 

women. Investigations in young, ovariectomized women and postmenopausal women 

with and without HRT will be required to confirm these hypotheses. 

Hypothalamic Aging, Reprodactive Decline and Nearoendocrine Aging Theories 

The studies presented in Chapters 2-4 have relevance for hypothalamic, 

neuroendocrine and reproductive aging theories. In the first study, a decline in the 

number of neurons expressing POMC mRNA was observed in the hypothalamus of 

postmenopausal women. A strong negative correlation between the number of neurons 

labeled with the POMC probe and subject age suggested that POMC neurons might be 

sensitive to variables associated with age. In addition, the failure of hormone 

replacement therapy to alter POMC gene expression in the monkey model raises doubt 

about whether an ovarian steroid withdrawal-mediated decline in the cellular levels of 

POMC mRNA accoimts for the finding in postmenopausal women. It is possible that 

POMC mRNA levels decline in association with other hormonal or neural changes that 

occur with age. In addition, it is possible that the decline in the number of neurons 

labeled with the POMC probe reflects an age-related loss of POMC neurons. 
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The exhaustion of ovarian follicular reserves is widely considered the cause of 

menopause. A near absence of primordial follicles is associated with the onset of 

menopause in women (Richardson et al., 1987). However, it is important to distinguish 

the term "menopause," meaning the cessation of menses, from the phrase "reproductive 

aging." Declining fertility, alterations in menstrual cycles and gonadotropin levels, and 

the accelerated loss of ovarian follicles in the decade prior to menopause have all been 

cited as evidence that reproductive aging occurs prior to cessation of menses in humans 

(Mobbs, 1994; Nelson et al., 1995; Wise et al., 1996). On this view, the cessation of 

cyclicity associated with menopause represents the endpoint of reproductive aging in the 

himian. Based on these considerations and considerable evidence for a hypothalamic 

contribution to reproductive aging in rodents, some authors have speculated that 

hypothalamic aging contributes to reproductive aging in humans (Mobbs, 1994; 

Desjardins et al., 1995; Wise et al., 1996) 

Wise and colleagues have focused attention on changes with age in female 

rodents, examining hypothalamic neuropeptide and neurotransmitter systems with 

putative reproductive regulatory frmctions. These investigations have revealed alterations 

in hypothalamic neurotransmitter turnover and neuropeptide gene expression gene that 

occur in normally cycling, middle-aged female rodents, prior to the cessation of cyclicity 

(Wise et al., 1994a). Of particular relevance to the present work, these authors have 

identified age-related changes in POMC gene expression in middle-aged female rodents. 

POMC gene expression declines, and the diurnal rhythmicity that is characteristic of 
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POMC gene expression in this species is abolished in aging animals (Lloyd et al., 1991). 

In addition, estrogen modulation of POMC gene expression, which has been shown to 

occur in rodents, does not occur in middle-aged animals (Weiland et al., 1992). Thus, 

Wise and others have proposed that disruptions in neuropeptide systems that regulate 

GnRH secretion could initiate a cascade of neuroendocrine events, which eventually lead 

to the cessation of cyclicity. Specifically, it has been proposed that hypothalamic 

changes could contribute to the decrease in fertility, menstrual cycle changes and 

accelerated follicular depletion that are associated with reproductive aging in humans. 

Some support for this hypothesis is derived firom studies in the female CS7BL/6J 

mouse. As in women (but unlike some other rodent species), follicular depletion is 

associated with the arrest of reproductive function in this strain. Also like human 

females, reproductive aging in C57BL/6J is characterized by a pattern of reproductive 

decline that begins well before the final cycle (Nelson et al., 1995). The pattem is 

characterized by a shift in the normal, 4-day estrous cycle to cycles lasting 4 or 5 days, 

followed by cycles of even greater length and finally the cessation of reproductive cycles 

at 13-15 months of age (Nelson et al., 1995). These overt manifestations of aging are 

paralleled by characteristic changes in reproductive endocrine parameters including an 

attenuated pre-ovulatory LH surge and lower mean estrogen levels over the cycle (Nelson 

et al., 1995). 
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Using the heterochronic transplant paradigm. Nelson and co-woiicers have 

provided evidence that these features of reproductive aging in mice are separable and 

attributable to different causes. Young ovaries transplanted into old mice increase the 

mean age at which the recipients ceased cycling, indicating a major role for ovarian aging 

in this phase of reproductive aging. However, young ovaries in old mice fail to reverse 

the stereotypic lengthening of estrous cycles that occur with reproductive aging, 

suggesting that other factors, presumably neuroendocrine aging, are responsible for this 

change. These authors have also reported a decline in the modulation of POMC gene 

expression in middle-age mice (Nelson et al., 1988), and argue that altered estrogen 

receptor dynamics may be responsible for changes in the fonction of these and other 

neurons in the hypothalamus. The decline in POMC gene expression and the failure of 

estrogen to modulate POMC gene expression occurs at an age when animals are fully 

capable of supporting estrous cycles (as shown by grafting studies). These data suggest 

that alterations in POMC function cannot be the cause of arrested reproductive cycles. 

However, the authors speculate that changes such as these could contribute to the 

neuroendocrine component (e.g., lengthening cycles) of reproductive aging in these 

species and periuqis in women. Interestingly, chronic caloric restriction delays both 

ovarian-mediated and neuroendocrine effects of aging (Nelson et al., 1995). 

Thus, neuroendocrine theories of reproductive aging, like other neuroendocrine 

aging theories, postulate that relatively minor aging changes in the hypothalamus could, 

through amplification of endocrine signals and "reverberations" through other 



physiological systems, set the pace for normal aging and senescent changes in somatic 

tissues (Landfield, 1994). Some neuroendocrine aging theories further postulate that 

endocrine secretions, either at elevated levels or through cumulative exposure over the 

lifespan, have deleterious effects on cell function, including neurons (Sapolsky et al., 

1986; Landfield, 1994; Mobbs, 1994). Mobbs distinguishes these effects (hysteresis) 

from the beneficial effects (hormesis) of hormonal factors on body tissues (Mobbs, 

1994). If an area of the CNS that normally inhibits the levels of potentially harmful 

endocrine secretions or other humoral factors is itself damaged by them, the stage is set 

for a feedforward cascade. Relatively minor changes associated with exposure to the 

endogenous humoral factor could lead to a reduction in the inhibitory control of the brain 

over the circulating levels of that substance. As levels rise, more damage to brain cells 

(and somatic tissues) occurs, resulting in still higher levels of the humoral factor. Thus, a 

CNS mechanism of normal aging is postulated with an intrinsic timing mechanism and 

multiple repercussions for peripheral tissues. Neuroendocrine "cascade" hypotheses have 

been applied to the hippocampus and the regulation of adrenal glucocorticoids (Sapolsky 

et al., 1986; Landfield, 1994), the growth hormone releasing-hormone/IGF-I axis and 

glucose (Mobbs, 1994), and to the hypothalamic regulation of the ovarian estrogen 

secretion (Mobbs and Finch, 1992; Desjardins et al., 1995). 

Neuroendocrine cascade theories of aging have stimulated research and stirred 

considerable debate and controversy. For example, while considerable evidence exists 

for hyperadrenalcorticism in aging rodents, the hypersecretion of glucocorticoids is not a 
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feature of the normal aging of the hypothalamic-pituitary-adrenal axis in primates 

(S^olsky et al., 1986). Thus, the glucocorticoid cascade hypothesis of hippocampal 

aging has been modified. Although glucocorticoids may not mediate hippocampal aging 

in primates, considerable evidence suggests hippocampal aging and glucocorticoids 

interact and that that glucocorticoids may potentiate the deleterious effects of other brain 

insults including ischemia, and neurotoxins (Landfield et al., 1992). 

The estrogen toxicity hypothesis of reproductive decline and supporting evidence 

was reviewed in some detail in the introduction. Briefly, the hypothesis asserts that 

cumulative exposure to endogenous estrogen over the reproductive lifespan (or to the 

relatively brief but constant, non-fluctuating estrogen levels near the end of the rodent 

reproductive lifespan) causes damage to hypothalamic neurons that regulate GnRH 

secretion (Finch et al., 1984; Brawer et al., 1993). Damage to these neurons causes 

alterations in gonadotropin secretion from the pituitary, leading to altered ovarian steroid 

secretion which, through feedback mechansims, may further disrupt hypothalamic 

function. The cascade is set in motion by the damaging effects of estrogen on POMC/p-

endorphin neurons. Indeed, estrogen exposure is postulated to result in the death of f3-

endorphin neurons (Desjardins et al., 1995). 

The neuropathology in the arcuate nucleus following a single injection of 

estradiol valerate is dependent on the presence of the ovary (Brawer et al., 1980). The 

exogenous hormone is probably cleared from the circulation within two weeks (Mobbs, 
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1994), yet it induces a pattern of sustained and persistent estrogen secretion fix)m the 

ovaries. Desjardins et al., showed that a single injection of estradiol valerate in female 

rats lead to a reduction in hypothalamic ^-endorphin, and a 60% decrease in the number 

of P-endorphin-immunoreactive neurons (Desjardins et al., 1993). The remaining P-

endorphin neurons showed evidence of alterations in shape based on the form factor 

index, which the authors interpreted as indicative of incipient degenerative changes. 

Estradiol valerate treatment also reduced the total number of Nissl stained neurons in the 

arcuate nucleus, a loss that was estimated to the equivalent to the reduction in the number 

of P-endorphin-immunoreactive neurons. Thus, these investigators have argued for a 

selective neurotoxic effect of estrogen on P-endorphin neurons (Desjardins et al., 1993). 

Prior to the present work, nothing was known about the morphology or gene 

expression of POMC neurons in postmenopausal women. Although the estrogen toxicity 

hypothesis clearly predicts fewer neurons expressing POMC mRNA (due to neuron 

death), this mechanism is unlikely to account for the present findings. The POMC 

neurons in postmenopausal women appeared robust and there were no quantitative 

differences between premenopausal and postmenopausal POMC neurons in profile area 

or in shape. Evidence firom the primate model of menopause also argues against an 

estrogen toxicity mechanism for the decline in the numbers of POMC mRNA-expressing 

neurons in postmenopausal women. In that study, monkeys were exposed to constant 

levels of estrogen for 30 months. Comparisons with untreated monkeys, however, 

showed no loss of POMC mRNA-containing neurons, no morphological evidence of 
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degeneradon in these cells, and no evidence of increase numbers of activated microglia, a 

prominent component of the estrogen associated lesion in rodents. Thus, these studies 

provide no support for the estrogen toxicity hypothesis as a mechanism of reproductive 

decline in primates, and may be considered reassiuing for millions of women currently 

receiving identical hormone replacement regimens. 

A more likely explanation for an age-related reduction in the number of POMC 

mRNA-expressing neurons in postmenopausal women is a reduction in POMC mRNA in 

individual neurons, rendering them undetectable with our probe. As described above, 

studies have identified decreases in POMC gene expression in rodents prior to overt 

reproductive failure (Lloyd et al., 1991; Nelson et al., 1988). In addition, changes in the 

estrogenic modulation of POMC gene expression have been documented in middle-aged 

mice and rats (Weiland et al., 1992; Karelus and Nelson, 1992). Interestingly, the LH 

response to naloxone was recently shown to be reduced in older, premenopausal women 

(with normal menstrual cycles and gonadal steroid levels) compared to younger 

premenopausal women (Coiro et al., 1997). These data raise the possibility that 

alterations in the functioning of POMC neurons in postmenopausal women might be a 

cause as well as an effect of reproductive aging. Further characterization of the POMC 

system in aging non-human primates, in aging men, and in postmenopausal women 

receiving hormone replacement therapy will be necessary to elucidate the causes, effects 

and interactions between gonadal steroids, POMC neuronal function and aging in primate 

reproductive regulation. 
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It is generally accepted that total neuron number is an important parameter to 

consider in evaluating the ability of a brain structure to receive and process information 

and to generate appropriate responses (Flood and Coleman, 1988). Thus, attempts have 

been made to correlate age-related decline in functions that are dependent on particular 

brain structures with age-related neuron loss in those structures (Baxter and Gallagher, 

1996). Because many studies have implicated hypothalamic aging as a mechanism of 

decline in the reproductive and other neuroendocrine axes in rodents, a natural question is 

whether neuron loss occurs with reproductive aging in humans. Several investigations of 

neuron loss with aging in the rodent arcuate nucleus, some of them motivated by data 

suggesting a neurotoxic effect of estrogen on this structure, have reported as much as a 

50% loss of arcuate neurons. The study reported in Chapter 4 represents the first rigorous 

test of the hypothesis that reproductive aging in women is associated with neuron loss in 

this important hypothalamic reproductive control center. 

Unbiased stereological techniques were used to estimate the total number of 

neurons in the infundibular nucleus of postmenopausal women. The mean number of 

infundibular neurons in these older women was compared to a younger group of 

premenopausal women. The results failed to provide evidence for neuron loss in the 

infundibular nucleus of postmenopausal women. In addition, these data suggest that 

extensive neuron loss does not occur with age in this area of the brain. 
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The discrepancies between the present results and results in female rats could be 

due to species differences. Species differences in age-related neuron loss have been 

reported among rodents, monkeys and humans (Rood and Coleman, 1988). In addition, 

differences in the techniques used to estimate the total number of neurons might 

contribute to the discrepant results. In a recent commentary on age-related neuron loss in 

humans, Morrison and Hof attribute the widely held belief that extensive neuron loss 

occurs with age in the human brain to methodological errors in older studies (Morrison 

and Hof, 1997). Many of these studies used neuronal density as a measure of cell loss. 

However, as the authors point out, in the absence of information about possible changes 

in the volume of the brain structure, density measurements cannot be readily interpreted 

(West, 1993; Morrison and Hof, 1997). 

Unbiased or design-based stereological techniques, which have been developed in 

recent years, may resolve some of these discrepancies. Thus, although normal human 

aging does appear to be associated with relatively minor neuron loss (Pakkenberg and 

Gundersen, 1997), the results of studies which have ^plied these techniques suggest that 

neuron loss with aging is not as extensive as previously believed. A recent unbiased 

stereological study in aged male and female rats, in which neuron loss was not observed 

in the arcuate nucleus, might represent a parallel to this theme in the rodent literature 

(Lealetal., 1998). 
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APPENDIX A 

HUMAN/ANIMAL SUBJECTS APPROVAL 

This project is exempt &om Himian Subject Approval under Exemption #5. This 

research involves the study of pathological specimens in which "information is recorded 

by the investigator in such a manner that subjects cannot be identified directly or 

indirectly through identifiers linked to the subjects" (45 Code of Federal Regulations 

46.101, Exemption #5). 

Animal treatments were carried out in compliance with state and federal laws, 

standards of the Department of Health and Human Services, and the guidelines of the 

Institutional Animal Care and Use Committee at the Wake Forest School of Medicine 

and at the University of Arizona, protocol numbers 95-118 and A96-047, respectively. 
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